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X-RAY DIFFRACTION IN LIQUIDS: A COMPARISON OF 
CERTAIN PRIMARY NORMAL ALCOHOLS 
AND THEIR ISOMERS 


By G. W. STEWART AND E. W. SKINNER 


ABSTRACT 


This x-ray diffraction study of certain isomers of the liquid primary n-alcohols 
confirms, in general, present conceptions concerning the alteration in shape of the 
chain molecule with the attachment of branches, and it emphasizes the importance 
of the molecular space array in liquids, or the cybotactic state, and an investigation of 
it by x-ray diffraction. One isomer of n-butyl, five of n-amyl, one of n-hexyl, and two 
of n-heptyl alcohol were tested. It is found that the attachment of CH; as a side 
branch alters the “diameter” by 0.6A and of OH by 0.4A (Angstrom units, 10-8 cm.) 
The attachment of CH; and of OH to the same atom in the chain increases the 
diameter by only 0.65A. The diameter is in a sense a mean value, but in the case of 
the di-n-propyl carbinol there is a better resolution and the side attachment of OH 
increases the diameter in one direction by 0.45A and in the other not at all. The 
existence is shown of associated polar groups giving two molecules in a continuous 
chain for each longitudinal spacing. When the OH group is not attached to the last 
or next to last atom in the chain this association disappears and there is but one mole- 
cule for each longitudinal spacing. This is in agreement with other experiments. In the 
one case carefully tested, triethyl carbinol, the first, third and fifth orders of the side 
spacing peak are apparently present. The assumption of a molecular space array 
seems the only one consistent with the facts. 


HE view expressed in an earlier article by Stewart and Morrow’ is that 

there is a molecular arrangement in liquids which is similar to but not 
the same as the crystalline state, and that this arrangement is of significance 
in the action of liquids. So important seems the conception in a consideration 
of liquid phenomena that the name “cybotaxis” has been given to this 
condition in matter. A study of the molecular arrangement, or the cybotactic 
state, by means of x-rays has at least three purposes in view: to learn to 
what extent diffraction measurements can serve to analyze the molecular 
space array, to give evidence concerning molecular structure either con- 
firmatory or new and, chiefly, to verify the existence of the cybotactic state 
and give it wider recognition as a factor in the behavior of liquids. 

That a clearer conception of phenomena in liquids is desirable is indicated 
by the incompleteness of our understanding of viscosity, solubility, osmosis 
and molecular activity, this list of four being cited as illustrative and not 
as comprehensive. With the advance in our knowledge of the crystalline 


1 Stewart and Morrow, Phys. Rev. 30, p. 232 (1927). 
1 
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state has come new contributions to theoretical physics, as in atomic heats, 
to our meager knowledge of molecular forces and to current views concerning 
molecular structure. While the cybotactic state is not as easy to visualize 
as is a crystal yet its effects and hence its existence are quite definite. From 
a comparison of heats of evaporation of solids and liquids, it is easy to see 
that the molecular forces acting in the two states are of the same order of 
importance. Similar conclusions are obtained from compressibilities and 
densities. In a crystal the molecules or atoms, as the case may be, are held 
in relatively stable positions, but in a liquid this stability disappears. How- 
ever, the forces acting in the latter case would doubtless compel an approxi- 
mation to a molecular arrangement at any point and the more elongated 
the molecule, as in a chain, the better the approximation. It is generally 
agreed that in a crystal the forces cause the material to simulate a continuous 
acoustic medium and that random motion of the individual molecule does 
not occur. It is reasonable to accept the same view with reference to a liquid. 
This approximate arrangement in a liquid, lacking stability, would vary 
continuously in detail from point to point. But at some places the variation 
is more rapid than at others. This distributed irregularity implies mobility 
and slippage. In fact, this picture opens the way for an explanation of 
variations in viscosity with composition. In many other respects this view, 
which seems to be in harmony with all the facts, must be important. 

A recent contribution by Shearer,? referring particularly to the thin 
films of Langmuir, Adam and others, suggests that any attempt at molecular 
orientation in a liquid is essentially an attempt at crystallization and should 
produce a more or less perfect replica of some aspect of the orientation found 
in a crystal. Our view gives a uniqueness as well as definiteness to the 
molecular arrangement in the liquid state. Both the crvstalline state and 
cybotaxis are results of molecular forces. Both represent physical states 
worthy of study. , 

In addition to the contributions mentioned in the earlier paper,' several 
have recently appeared which are pertinent to the general subject of liquid 
x-ray diffraction. Sogani® has studied 22 liquids belonging to the aliphatic 
and aromatic groups. He has shown that the formula of Ehrenfest,’ ap- 
plicable to the scattering from a diatomic molecule in a gas, in general does not 
give the mean molecular distance, that the theory of Raman and Ramana- 
than, particularly concerning the effect of compressibility, is in harmony with 
anticipation in the appropriate portion of the experiments, and that the 
x-ray diffraction patterns with different molecular structures are sufficiently 
varied to cause the method of study of molecular structure to appear promis- 
ing. Raman and Sogani® have studied the molecular structure by the 


? Shearer, Farady Soc. Trans. 22, 465 (1926). 

3 Sogani, Indian Journal of Physics I, p. 237 (1927). In a later paper which has just 
come to our attention, Ind. Jl. of Physics Vol. II p. 97 (1927), Sogani takes much the same 
viewpoint of this and our earlier paper. 

4 See Keesom and Smedt, Proc. Roy. Soc., Amsterdam 25, 118 (1922) and 26, 112 (1923). 

’ Raman and Ramanathan, Proc. Ind. Assoc. Culv. Sci. 8, p. 127 (1923). 

* Raman and Sogani, Nature 119, p. 601 (1927). 
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sharpness of rings in the case of hexane (diffuse) and cyclohexane (sharp). 
Clark, Aborn, Brugmann and Davidson’ have shown that information of ° 
practical bearing can be obtained by the diffraction patterns of rubber and 
its substitutes, and that with china wood oil when prepared in a stated 
manner and dried, there are evident changes in spacing indicating com- 
bination with solvent molecules and polymerization Diffraction photo- 
graphs of numerous liquids have recently been made by Katz.* He used one 
isomer of n-propyl alcohol, two of n-butyl alcohol and two of n-amy] alcohol. 
In each case he gets the diminution of the radius of the diffraction ring for 
the isomer. Only in cases of the isomers of n-amyl alcohol can comparison 
be made with the results of this paper. The increases in the spacing when 
computed by Bragg’s formula for isoamyl and tertiary amyl alcohol are in 
close agreement with those here presented. But Katz found only one ring, 


\n - butyl alcohol 


| ‘ 


rT “tertiary 
buty! alcohol 


Fig. 1. Relative diffraction intensity with n-butyl alcohol and an isomer. 


and in his discussion he used the Ehrenfest formula which should not, be- 
cause of the very nature of its assumptions, be applied to liquids. Herzog 
and Jancke® have made a comparison of diffraction rings in the liquid and 
solid state, but none of the compounds corresponds to any one in this paper. 
The present contribution is a continuation of the study! of the primary 
alcohols. The apparatus is essentially the same as previously described. 
The x-ray diffraction ionization curves were obtained with isomers of primary 
n-alcohols. The liquids were isoamyl alcohol, secondary amy] alcohol, 
7 Clark, Aborn, Brugmann and Davidson, Proc. Nat. Acad. of Sci. 13, p. 549 (1927). 


§ Katz, Zeitschr. fiir Physik 45, p. 97 (1927). 
* Herzog and Jancke, Zeitschr. fiir Physik 45, p. 194 (1927). 
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tertiary amyl diethyl carbinol (special sample), methyl n-butyl carbinol, 
- tertiary butyl alcohol, secondary butyl carbinol, triethyl carbinol. All these 
but one were obtained from the laboratory of the Eastman Kodak Company. 
Triethyl carbinol was obtained from R. E. Marker, Yonkers, New York. 


RESULTS 


The diffraction curves of the isomers, and of the primary normal alcohols 
previously reported,' are given in Figs. 1, 2 and 3. Each curve is a mean of 
three or more complete sets of observations. As in the case of the primary 
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Fig. 2. Relative diffraction intensity with primary n-amy]l alcohol and isomers. 


normal alcohols the isomers have two equivalent planar spacings. The 
computed values of these, using the wave-length 0.712A for the Mo Ka 
radiation, are shown in Table I. They represent the observations with an 
accuracy less than 0.5A. Here also are given the boiling point ranges in- 
dicating the purity of these alcohols, the structure of the molecules as 
accepted by chemists, and the width of the principal peaks in Angstroms. 
In the structural formulas the H atoms attached to the carbons are not 
indicated. 
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The earlier interpretation! of the two peaks was that one spacing was 
caused by the length of the chain molecule and the other by its diameter. 
The evidence for this was the fact that the former altered linearly with 
increase of carbon content in the chain and the latter, although it increased 
slightly with increased carbon content, approached a constant value as the 
length of the molecule was increased. This interpretation of the spacings 
represented by the peaks is here regarded as justifiable and the conclusions, 
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Fig. 3. Relative diffraction intensity with primary n-hexyl alcohol and isomer, primary 
n-heptyl alcohol and two isomers, and primary n-propyl alcohol. 


as before, are in harmony with this opinion. It is not claimed that the spacing 
normal to the chain has only one value. In one case in this report, two such 
spacings are found. But, inasmuch as there is, in general, no separation 
of such values, the spacing represented by the high peak is called the “diam- 
eter” of the molecule. 

In the discussion of the results it is well to remember that, as is indicated 
by the range of boiling point temperatures, the samples were not pure. 
A slight impurity might easily alter the peaks sufficiently to make exact 
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values of the spacings untrustwoithy. But in the previous work on primary 
normal alcohols the boiling point ranges were as large as with these isomers 
and yet the results for the spacings were capable of being expressed by smooth 
curves without serious deviations therefrom. The present discussion assumes 


TABLE I 


Computed values of the two equivalent planar spacings. 








Name 


Boiling Point 
°C given by 
maker 


Two “Planar” 
Dist. X 108 cm. 


Structure 


Peak Width 
Diffraction 
angle 





. Primary n-butyl 116°-118° 4: 01.1 


C-C-C-C-OH ey 
C 


14°-15° 
(m. p.) 


136°-139° 
130°-132° 


. Tertiary butyl 


. Primary n-amy] 
. Isoamyl 


. Secondary butyl 


carbinol 126°-128° 


116°-118° 
. Secondary amyl 


. Tertiary amyl 100°-102° 


. Diethyl carbinol 115° 


96°-98° 
155°-157° 
172°-176° 


. Primary n-propyl 
. Primary n-hexyl 
. Primary n-heptyl 


. Methyl n-butyl 


carbinol 136°-139° 


. Di-n-propyl carbinol | 154°-156° 


. Triethyl carbinol 138°-139° 




















no greater purity for these isomers and hence the conclusions are probably 
well within appropriate bounds. This, and the fact that the conclusions are 
consistent with present chemical beliefs, give confidence in the approximate 
correctness of the results and of the interpretations. 
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DIAMETER OF THE MOLECULES 


Adopting, as explained, the high peak, or the first “planar” spacing in 
Table I, as determining the diameter of the chain molecule, the following 
conclusions may be drawn: 

1. The attachment of CH; at the side of the chain increases the diametér 
by 0.6A (Cf. 1 or 3 and 5, 0.7A; 1 or 3 and 4, 0.5A. The numbers refer to 
the samples in Table I.) 

2. The attachment of OH at the side of the chain increases the diameter 
by 0.4A. (Cf. 3 and 6, 0.4A; 3 and 8, 0.45A; 10 and 12, 0.35A.) This change 
is noticeably less than in the case of CH; just cited. 

3. The attachment of OH and CH; at the sides and to the same carbon 
atom increases the diameter by 0.65A. (Cf. 1 or 3 and 7.) This change is 
practically the same as with the side attachment of CH; only. 

4. The attachment of three chains of C,H; to the same carbon atom, 
increases the diameter by 1.35A (cf. 9 and 14) when compared with one 
such chain. This is suggestive as to an arrangement but it is not the purpose 
of the paper to enter upon this detail at present. In the case of sample 2 
there might be a similar molecular structure. 

5. The two adjacent peaks of case 13, di-n-propy] carbinol, indicate that 
the two planar distances normal to the chain are now separately deter- 
minable. One of them, presumably increased by the side attachment of 
OH, is distinctly greater (i.e., by 0.45A) than in the case of primary n- 
alcohol but the other diameter is approximately unchanged. This is the only 
liquid thus far examined in which the components of this peak are resolvable. 
The increase in diameter of the longer normal spacing by OH, 0.45A, is 
(cf. 11 and 13) in fair agreement with the preceding second conclusion. 

If the above is quantitatively reliable it shows that the increase in 
diameter by CH; and OH are not additive. A similar statement may be 
made with reference to the fourth conclusion, or it may be said that the 
straight lines representing three pairs of CH; are not in the same plane. In 
this discussion it must be borne in mind that, on account of the lack of 
sharpness of the peak, what is called the diameter of the molecule should 
be regarded as a mean value. 


LENGTH OF THE MOLECULES 


A consideration of the length of the molecules is not so fruitful for the 
angle made by the length of the molecule with the effective planes is not 
known. Computation from Table I shows that if the volume occupied by 
the molecule is assumed to be the square of the shorter spacing multiplied 
by the longer one, the density of every sample but one of the fourteen is 
smaller than the known densities which vary from 0.79 to .84. According 
to this assumption, the length of the molecule is equal to the larger spacing 
and is hence normal to the corresponding group of planes. If the density 
so computed is much less, there are presumably two molecules to a single 
spacing, and in order to account for the known density, there must be an 
inclination of the length to the normal to the planes. If the density is 
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approximately correct, there may be only one. In cases 1, 2, 3, 4, 5, 6, 9, 10, 
11, 12 and 14 the computed density is so much smaller that it is reasonable 
to suppose an association of two OH groups, making two molecules in a 
chain instead of one in each long spacing. Computation shows that these 
long double molecule chains could not be normal to the planes having the 
spacing discussed. In each of these eleven cases it is noticed that the OH 
group is either at the end of the chain or adjacent to it. However, 2 and 14 
may not necessarily be regarded as having OH at the end of a chain. It is 
notable that in the case of 8 and of 13, the OH is symmetrically situated 
and presumably could not have this association. Here the density computed 
as stated, assuming one molecule in each spacing, is —14 percent and +2 
percent in error. It is of interest that in case 13 where the computed density 
is so nearly the true one, there is increased accuracy of measurement, for 
there are two molecular diameters instead of one. With case 7, the OH, 
although adjacent to the end, may have its associative quality reduced by 
the presence of an additional CH;. Here the density, assuming one molecule 
to a spacing, is —16 percent in error. We see that in these three cases the 
assumption of no association of the molecules of the nature referred to, is 
confirmed by the x-ray interpretation. A similar conclusion was reached by 
Saville and Shearer! with solid, aliphatic ketones. They found that methyl 
ketones, having the CO group near the end of the molecule, seemed to have 
the double molecule, whereas the ethyl, propyl, etc., ketones with the CO 
further removed from the end had single molecules only. It is evident that 
although this discussion does not presume to discuss the exact arrangement 
of molecules and is only very general, yet the agreement between the x-ray 
interpretation and the accepted view of the molecular structure is striking. 
This fact adds confidence in the application of Braggs’ law to the cybotactic 
state and consequently in the view point of this contribution. 


WIDTH OF PEAKS 


The width of a peak is a measure of the sharpness of the resolution, 
provided it represents only one spacing. As already indicated, there may 
be two such spacings and the interpretation of the width of the peak may 
mean partly that. Furthermore, the chemicals are not of the highest degree 
of purity and this is an important consideration. Nevertheless, it is well to 
indicate that in all but one of the seven cases where the OH or CH; group 
was made a side branch, the width of the peak is increased thereby. In two 
cases where two side branches are attached to the same carbon atom, the 
width of the peak seems to be decreased. 


ADDITIONAL PEAKS 


In the case of triethyl carbinol, there is a very definite indication, as shown 
in Fig. 3, of peaks at about 20° and 37.5°. There are at least two inter- 
pretations as to corresponding spacings. The more probable one is that these 
peaks are the third and fifth orders of the 7.1° spacing. Assuming 7.1° to 


10 Saville and Shearer, Chem. Soc. J. 127, p. 591 (1925). 
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be correct the orders should appear at 21.4° and 36.1°, respectively. Inas- 
much as triethyl carbinol is, according to the above, a branched molecule 
with CH; in branches but with two OH groups associated, the distribution 
of electrons might account for the absence of the peaks of even orders. For, 
as Shearer" has proved, with a concentration of electrons at the center of 
the molecule, the even orders would have relatively small intensity. The 
other interpretation would arise from a consideration of the additional peaks 
as of the first order. The corresponding spacings would be 2.05A and 1.11A. 
The separation of carbon atoms in diamond is 1.54A. But if the distances 
of separation be projected on a mean straight line, values of 2.0A for pairs 
and 1.26A for single atoms are found. These peaks may therefore be due 
to the separation of the carbon atoms in the molecule. 


CURRENT THEORIES 


In the preceding paper,! attention was directed to theories of the liquid 
x-ray diffraction halo. The two most prominent ideas involved therein are 
(1) that peaks may be occasioned without the necessity of an arrangement 
of molecules, and (2) that the spacing corresponding to the peak depends 
upon the compressibility (Raman and Ramanathan). With reference to 
the first, it is granted that a peak in the diffraction ionization curve would 
occur with random orientation and the mean distance between molecules 
could easily be the effective spacing as computed by Bragg’s law. But the 
experiments on primary normal alcohols' cannot be explained by random 
orientation of the molecules, for the chief peak remains practically constant 
in position with large changes in molecular lengths. The results demand a 
parallel arrangement of molecules. The admission of this conclusion brings 
one at once to the viewpoint of the authors, namely, that we are discussing 
an arrangement and not random orientations. There is no doubt but that 
our effective spacings are mean values, but this lack of exact homogeneity 
in the liquid does not destroy either the definiteness of the molecular arrange- 
ment (as judged by its effects) or the importance of its investigation. In 
regard to the effect of compressibility, it may be said that the theory is not 
applicable to long chain molecules, for here the molecular arrangement over- 
shadows the considerations upon which the effect of compressibility is based. 

The conclusions of this paper as set forth emphasize not only the desira- 
bility of a similar study with purer samples, but also the importance of the 
continued systematic study of liquids in general. The authors desire to 
acknowledge the assistance obtained through conferences with Professors 
L. C. Raiford and J. N. Pearce of the Department of Chemistry. 


Puysics LABORATORY, 
STATE UNIVERSITY OF IowA. 
October 13, 1927. 


" Shearer, Roy. Soc. Proc. Al08, p. 655 (1925). 
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THE DIFFRACTION OF X-RAYS IN LIQUID NORMAL 
MONOBASIC FATTY ACIDS 


By RoGer M. Morrow 


ABSTRACT 


Eleven of the normal monobasic fatty acids in the liquid state have been investi- 
gated with MoKa radiation. The results are similar to those previously reported 
for the liquid primary normal alcohols by Stewart and Morrow. There are two 
spacings found by the application of Braggs’ law, one of which is the lateral separation 
of the molecules which lie in parallel collinear chains and the other the separation of 
the planes passing transversely through the chains and containing the diffraction 
centers of the molecules. The lateral spacing is 4.55A for the samples having more 
than five carbon atoms to the molecule. This is in agreement with the values found 
by Stewart and Morrow for the primary n-alcohols and with the work of Adam on 
monomolecular films. The longitudinal spacing varies linearly with the carbon 
content, the increase being 2.00A for two molecules. In the molecular arrangement, 
the chains are not normal to the transverse planes and there are two molecules in 
series, with associated COOH groups, for each spacing. A comparison of data for the 
acids in the liquid and crystalline states shows that the arrangement of molecules in 
the cybotactic state is not that found in the crystalline state. 


INTRODUCTION 


HE present work is a continuation of an investigation of the x-ray dif- 

raction in liquid primary normal alcohols.! The fatty acids investigated 
are long chain compounds terminated at one end by a CH; group and at the 
other end by a COOH group. The object of this study is to secure more 
evidence of a distinct space array in liquids, called the cybotactic state, and 
to make a comparison of spacings found for the substances in the crystalline 
and liquid states. 

The apparatus and experimental procedure are essentially the same as 
previously described.' The ionization chamber method and Mo Ka radiation 
are used. The liquid normal fatty acids from formic (CH2O:2) to undecylic 
(C1:H2202) are investigated. Propionic, butyric, valeric, caproic, heptoic, 
caprylic, pelargonic, capric and undecylic acids were obtained from the 
Eastman Kodak Company. Formic, acetic, butyric, valeric, and heptoic 
acids were obtained from the Américan Krueger and Toll Company. 


EXPERIMENTAL RESULTS 


The results for the liquid normal monobasic fatty acids are shown in the 
form of graphs in Fig. 1. Each curve is the mean of three or more sets of 
observations. For the purpose of comparison of curves it has been found 
convenient to multiply the diffraction intensity in each case by a factor so 
that the principal maximum is of the same height. The curves are designated 


1 Stewart and Morrow, Phys. Rev. 30, p. 232 (1927). 
. 10 
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by the number of carbon atoms in the molecule, and are separated in the 
graph by a displacement of the ordinates. 

The curves shown in Fig. 2 are for liquid and solid capric acid. The 
melting point of capric acid is 31°C. The curves for the solid were made at 
room temperature. The curves for the liquid were made just above the 



































ation current 





VY V\\Y 
| AZIN 





Relative ioniz 



































| 























2a 8 | | 
O(!) 0 l@ 14 iG 16 CO ee Ca 
8 


Fig.1. Intensity-diffraction curves with fatty acids containing from one to eleven carbon atoms. 





melting point. The chief computed spacings for the crystal, 23.4A, 4.2A and 
3.7A, are in agreement with the results of Trillat,? 23.3A, 4.4A and 3.6A, 
and with those of Gibbs,? 23.3A, 4.2A, 3.7A and 3.4A. 


2 Trillat, Ann. d. Physique 6, p. 5 (1926). 
* Gibbs, Journal Chem. Soc. London 125, p. 2622 (1924). 
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DISCUSSION OF RESULTS 


From the experimental curves for the liquid acids, Fig. 1, it is evident 
that there are two peaks in the ionization intensity curve. Fig. 3 shows the 


Capric acid 
— liquid 
-- solid 


Relative ionization current 


- Fig. 2. Diffraction curves for solid and liquid capric acid. 


values of the corresponding “planar” spacings, computed by Bragg’s law, 
plotted against the number of carbon atoms in the molecule. The observed 
points indicated by the circles are those of the author, those by crosses were 


| 


= 





Pr UO DY AX @W O 


© liquid 
x crystalline 


— 


Number of carbon atoms 


|_| | | 
l2 14 lo 18 20 22 @4 26 26 30 
“Planar” spacing (A.V) 


Fig. 3. Variation of “planar” spacing with carbon content of the molecule. 


obtained by Gibbs.* One of the spacings indicated by the curve in Fig. 3 
varies linearly with the carbon content of the chain for the higher members 
of the series, and hence is associated with the length of the molecule. The 
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other spacing does not vary appreciably under these circumstances and is 
therefore normal to the chains and is the diameter of the chain. It follows 
that the molecular chains are aligned parallel. Since the acid molecule is 
polar, the carboxyl group forming the active end, it is to be expected that 
the two active ends of neighboring molecules in these rows will be together. 
These two carboxyl groups provide the necessary excess of diffracting 
material along the double length of molecules to account for the peak which 
varies with the length of the chain. Thus the effective planes containing 
the carboxy! groups are separated by the length of two molecules. This con- 
clusion is further verified by the quantitative discussion below. It is the one 
reached by Miiller,* Miiller and Shearer® and Trillat? for the crystalline long 
chain compounds. 

According to the above arrangement the angle that the direction of the 
chain makes with the normal to the planes of long spacing is the only un- 
known factor. If the density is computed roughly by the use of the formula 


2(mol. wt)(mass of H. atom) cos y 





‘ did, 
where d; is the long spacing, d2 is the spacing due to the diameter of the 
molecule, and y¥ is the angle the length of the molecule makes with the normal 
to the planes of long spacing and is arbitrarily made 50°, the resulting values 
are as shown in Table I. Since the diameter here found is a mean value, and 
for other obvious reasons, the computation just given should not be accepted 
as definitely determining the molecular arrangement. 


TABLE I 


Values of the spacing constants d, and do. 








Acid Number of Molecular Actual 
carbon atoms weight density 





46.01 25° 

60 .06 1.05* 

74.05 .992* 
88 .06 .959* 
102 .08 .942* 
116.09 .929* 
130.11 .922* 
144.12 .910* 
158.14 .907* 
172.15 .859* 
186.17 — 


Formic 
Acetic 
Propionic 
Butyric 
Valeric 
Caproic 
Heptoic 
Caprylic 
Pelargonic 
Capric 
Undecylic 


KOO ONOAU wre 
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* At 20°C. *At 30°C. From International Critical Tables. 


The agreement between computed and actual densities is good for the 
higher members of the series; in fact there is a maximum difference of only 
4 percent if the first three in the series are omitted. 

There is another computation of importance. The slope of the curve in 
Fig. 3 shows that the increase in spacing for each pair of CHe groups (two 


* Miiller, Journal Chem. Soc. London 123, p. 2043 (1923). 
® Miiller and Shearer, Journal Chem. Soc. London 123, p. 3156 (1923). 
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molecules) is 2.0A. This is precisely the value found by Miiller* and com- 
pares favorably with that of Trillat,? 2.14A, for the much longer solid fatty 
acid chains with an even number of carbon atoms. Gibbs” results, shown in 
Fig. 3, give a value 2.45A corresponding with Trillat’ s results for the odd 
number of carbon atoms. 

But a difficulty arises in the fact that if the angle of inclination of the 
molecules to the normal to the planes is assumed to be 50°, the length of the 
chain occupied by one carbon atom is 1.0/cos 50° or 1.56A. This would 
probably mean, since the distance of separation in diamond is 1.54A, that 
the carbon atoms are arranged in line and not zigzagged as has been the case 
with the solid fatty acids in the contributions herein cited. It seems easier 
to doubt the assumed 50° and the precise arrangement given than the non- 
linear arrangement of carbon atoms. - 

As is shown in Fig. 3, in every case the long spacing for the crystal is 
larger (about 15 percent) than that found for the same material in the liquid 
state in this work. For most of the acids Gibbs* also reports other “broad 
line” spacings having values from 3.5A to 4.3A. In every case for which 
these spacings are reported for the crystalline material the values given are 
smaller than the one spacing found in this region for the liquid. 

Since in passing from the crystalline to the liquid state there is an increase 
in the distances associated with the cross section of the molecule and a 
decrease in the other spacings, it is evident that the molecules are rearranged. 
The structure in the cybotactic state is thus, as presumed, not identical 
with that of the same material below the melting point. 

In the crystalline state the peaks are very sharp. The principle factor 
in determining the peak width is the size of the slits of the spectrometer. In 
the case of liquids, however, the peaks are very broad. It is to be expected 
that in passing from the crystalline to the cybotactic state the peaks will 
become broader due to the variation of spacings present in the cybotactic 
state. There is also the possibility that the broad peak in liquids is due to 
two sets of spacings of very nearly the same value. 

Attention should be called to the agreement with the diameter of the 
fatty acid molecules found in the monomolecular layers on liquid by Lang- 
muir® and Adam.’ Their value of the cross sectional area for the case of the 
film on water is 21 X10-"* cm~ or almost exactly the square of our diameter, 
about 4.57A. Also, it is the same diameter as that found® for the liquid 
primary n-alcohols and for the liquid paraffins.® 

Sogani’® has taken diffraction photographs of some of the liquid acids 
herein discussed. They are formic, acetic, butyric and lauric. Except in the 
case of acetic acid he did not find the second peak which is highly important. 
This is doubtless because of the resolving power of his instrument. 


* Langmuir, Jour. Am. Chem. Soc. 39, p. 1848 (1917). 

7 Adam, Proc. Roy. Soc. A101 p. 452 (1923) and 103, p. 723 (1923). 
§ Stewart and Morrow, Phys. Rev. 30, p. 232 (1927). 

® Stewart, Phys. Rev. 31, 000 (1928). 

10 Sogani, The Indian Journal of Physics, vol. 2, part 1, 1927. 
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THE SCATTERING OF X-RAYS AND ELECTRON 
DISTRIBUTION IN THE ATOMS OF CRYSTALS 


By R. J. HAVIGHURST 


ABSTRACT 


Critical examination of the method of obtaining the atomic structure-factor and 
of the Fourier analysis method of determining electron distributions in crystals.— 
Theories of the Compton effect suggest that modified scattering of x-rays may take 
place at the expense of regular reflection, and consequently that the atomic structure- 
factor, which is determined from experimental measurements of the intensity of 
regular reflection and upon which is based our most direct means of determining 
electron distribution in atoms, may not represent all of the electrons in the atom. It 
is therefore necessary to consider critically the determinations of electron distribution 
in the atoms of crystals which have previously been made. The classical theory, when 
applied in the form of Darwin’s equation to the measured intensities of regular re- 
flection, gives values of the atomic structure factor for Li, C, O, F, Na, Al, Cl, Ca, Fe, 
which are in accord with our ideas concerning atomic structure. It is shown (this was 
previously an assumption) that the coefficients of the Fourier’s series which is used in 
determining the electron distribution are all positive in the experimental cases hereto- 
fore dealt with. The application of the Fourier analysis to a model argon atom 
indicates that the accuracy of the analysis depends predominantly upon the accuracy 
of measurement of the intensities of reflection within angular limits which are easily 
subject to experimental investigation. Electron distributions obtained from Fourier 
analysis of the experimentally determined atomic structure-factor curves for several 
different atoms or ions contain almost exactly the amounts of electricity which we 
believe from other considerations to exist in the crystals, within radii in good agree- 
ment with those calculated from interatomic distances determined by ordinary 
crystal analysis. Modification of the calculated F values of model atoms to take into 
account the Compton effect results in F curves which give, upon Fourier analysis, 
unreasonable distributions of diffracting power. The Fourier analysis can give 
reasonable distributions of electron density only if the F curves are approximately 
correct. Since the experimental F curves do give reasonable distributions, it is con- 
cluded that any modification which is caused by the Compton effect in the intensity 
of regular reflection of x-rays is negligible. 


INTRODUCTION 


HE use of atomic structure-factor curves obtained from measurements 

on the intensity of reflection of x-rays by crystals is our most direct 
means of determining the electron distribution in atoms. Until recently 
it was generally conceded that the atomic F curves calculated from experi- 
mental intensity measurements with the aid of Darwin’s equation’ represent 
the variation of scattering power of atoms in which all the electrons are 
scattering equally effectively. To the contentions that some of the more 
tightly bound electrons might not scatter as efficiently as the ones with less 
binding energy, while some of the more loosely bound electrons might be 
spending a part of their time scattering radiation of modified wave-length 


1 Darwin, Phil. Mag. 43, 800 (1922). 
16 
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and hence would also fail to scatter unmodified radiation with full efficiency, 
answer was made that the experimental F curves give electron distributions 
which are in accord with what we expect from other considerations and, if 
corrected by a considerable amount, would give unreasonable electron dis- 
tributions. Before such an answer can be considered satisfactory, it is 
necessary to establish the validity of the method of determining electron 
distribution, and to show that modification of the true F curve of an atom 
as suggested by the quantum theory of scattering has a considerable effect 
upon the electron distribution determined by the Fourier analysis. The 
author proposes to treat these two problems in the following manner: first, 
to consider critically the method of obtaining the “atomic structure-factor”’ 
from experimental measurements of the intensity of “regular reflection’’; 
second, to investigate further the Fourier analysis method of determining 
the electron distribution in the atoms of crystals; third, to apply the Fourier 
analysis to F curves from model atoms before and after the F values are 
modified to take into account the Compton effect. 

It is important to bear in mind the fact that the quantum theories of 
x-ray scattering,” which strongly imply the existence of some influence of 
the modified scattering process upon that of regular reflection, have been 
created in the effort to explain the existence and relative intensities of the 
modified and unmodified scattered radiation at various angles of scattering; 
and the only test of these theories lies in the measurements of the relative 
intensities of the modified and unmodified scattered radiation. Experiments 
on intensity and directional distribution of scattered radiation have not been 
performed with sufficient accuracy to decide between the classical and the 
quantum theory. Had it not been for the work on scattering of y-rays and 
of x-rays of very short wave-length, Compton’s observation of a wave-length 
shift and the resulting cloud expansion experiments, we should still have no 
occasion to demand other than a classical theory of scattering. In fact the 
phenomenon of regular reflection is so well taken care of by the classical 
theory that one hesitates to admit quantum scattering into the same picture. 


REGULAR REFLECTION AND ATOMIC STRUCTURE-FACTOR 


Regular reflection has been subjected to a much more severe quantitative 
examination than any other scattering phenomenon. Darwin’s classical 
theory! of the intensity of reflection by an imperfect crystal is upheld by 
experiments which have been made by a variety of different methods. 
Bragg, James and Bosanquet* and Wasastjerna* determined the absolute 
intensity of reflection from a single crystal of rock-salt, obtaining values, on 
the basis of Darwin’s expression, in close agreement with each other and in 
accord with our present ideas concerning atomic structure. Bearden® made 
a determination of the absolute intensity of reflection from powdered NaCl, 

2 Jauncey, Phys. Rev. 29, 757 (1927). 

3’ W. L. Bragg, James and Bosanquet, Phil. Mag. 42, 1 (1921). 


* Wasastjerna, Soc. Scient. Fenn. Comm. Phys. Math. 2 No. 15 (1924). 
5 Bearden, Phys. Rev. 29, 20 (1927). 
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obtaining a value in close agreement with that of Bragg, James and Bosan- 
quet. His measurements by the powdered crystal method and those of the 
author® have served further to confirm Darwin’s treatment of reflection 
by an imperfect crystal. Darwin’s equation has been used by the afore- 
mentioned workers and by Claassen’ and Ponte’ to obtain atomic structure- 
factor curves for the following atoms or ions: Li, C, O, F, Na, Al, Cl, Ca, Fe. 
The F curves are about what are to be expected from our notions concerning 
the number and distribution of electrons in these atoms. A change of more 
than about twenty percent in the observed F values at small angles would 
upset either our ideas concerning atomic structure or our faith in the Darwin 
equation. The experimental work on the intensity of regular reflection does not 
require us to adopt a quantum theory. Only the fact that a quantum theory is 
necessary to explain other scattering phenomena leads us to inquire whether 
the same theory can be disregarded in the case of regular reflection. 

Nevertheless, it must be borne in mind that errors in Darwin’s expression 
for the intensity of x-ray reflection, or in the experimental determination 
of this intensity, will work entirely at the expense of the F curves. For 
Darwin has attempted to take into account every factor outside of the atom, 
and has inserted an “‘atomic structure-factor” in his expression to take care 
of what goes on inside of the atom. As we have seen, it is highly improbable 
that there can be any unconsidered factor operating at small angles of 
reflection; but one cannot be certain from mere inspection of the F curves 
that some factor is not operative which, negligible at small angles, increases 
in importance with increasing angle.* 

It is the existence of just such a factor that the quantum theory of 
scattering suggests. Concerning the validity of Darwin’s theory, the quan- 
tum theory can have nothing more to say than to indicate the possible 
omission of some important factor in the scattering process. On the classical 
theory, all the electrons of an atom scatter radiation of the same wave-length, 
the variation of the F curve with angle of reflection being due to the fact that 
the electrons are not concentrated at the midplanes of atomic layers in the 
crystal. The quantum theory requires that a part of the electrons scatter 
radiation of modified wave-length during a part of the time, being unable to 
contribute to the F curve during this part of the time. That is, following 
Jauncey,? the regular reflection is due only to scattering from the u electrons; 
the s electrons are engaged in scattering modified radiation. The s electrons 
are those most loosely bound and would contribute not a great deal to the 
F curve, but their number increases as the angle of scattering increases, and 


* Havighurst, Phys. Rev. 28, 869, 882 (1926). 

7 Claassen, Proc. Phys. Soc. London 38, 482 (1926). 

® Ponte, Phil. Mag. 3, 195 (1927). 

* In this connection it should be mentioned that objection has been raised by Bishop, 
Phys. Rev. 28, 625 (1926), and Kirkpatrick, Phys. Rev. 29, 632 (1927), to intensity calculations 
which are based upon the assumption that the incident radiation was completely unpolarized. 
If Bishop’s interpretation of his experiments, that the characteristic radiation from a Mo tube 
is as much as 15 percent polarized, is accepted, the polarization factor of Darwin's equation 
would be altered so as to increase the author’s F values at large angles 5-10 percent. 
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their potential contribution to the F curve at large angles, where the observed 
values of F are small, might be relatively great. It appears possible, then, 
that the experimental F curves are in considerable error, especially at large 
angles. Williams® and Jauncey? have attempted to calculate the approximate 
amount of this error. 

The assumption is made in the work of Williams and Jauncey that modifi- 
cation takes place equally probably at the expense of regularly reflected 
and diffusely scattered unmodified radiation. That is, that the number of 
s electrons, for scattering at any particular angle, is the same in an atom 
which is scattering independently as in an atom which is scattering in con- 
junction with other atoms. Although this assumption seems justified, 
Williams suggests the possibility of an effective increase of mass of the 
scattering electrons when their atoms are scattering in conjunction which 
would, at the reflecting angle, transform all s electrons into u electrons. 
It is easy to suppose that regular reflection results from a process quite in- 
dependent of that of modified scattering, and the author inclines to such 
a possibility as the best solution of the problems raised in this discussion. 

If we admit the necessity of applying a correction for the Compton effect 
to experimental F curves, we find the direct determination of such a cor- 
rection impossible. The only data on which to base the correction are the 
relative intensities of modified and unmodified scattered radiation at various 
angles, and for the use of such data one would need to have a model of the 
atom in which the positions of the s electrons were designated. 

Williams’ and Jauncey? have attempted to calculate the effect of modified 
scattering upon the F curve calculated by Hartree’s method!® for a model 
atom. Their procedure is to determine the potential F contributions from 
the s electrons at various angles of scattering, and to correct Hartree’s curve 
by these amounts. They obtain modified F curves which are more nearly 
in accord with experimental ones than are the original Hartree curves. It 
must be remembered that whatever “agreement of theory with experiment” 
they obtain depends entirely upon the assumed correctness of Hartree’s 
atomic models, which are based upon the Stoner scheme and empirical 
screening constants for the different electronic orbits. Atomic F curves 
from the model atoms of Pauling," obtained on the basis of Schrédinger’s 
mechanics and empirical screening constants, are different from those of 
Hartree, the differences being chiefly due to the fact that Pauling’s electron 
distributions are continuous. This continuousness of electron distribution 
would give a smoothness to the calculated F curves which Hartree’s curves 
lack, and would bring them more nearly in accord with experimental curves. 
Corrections to such curves for the influence of modified scattering would be 
different from those to Hartree’s curves. 

We are thus left in a predicament if we recognize the necessity of correct- 
ing the experimental F curves. An experimental correction for modified 
® Williams, Phil. Mag. 2, 657 (1926). 


‘0 Hartree, Phil. Mag. 50, 289 (1925). 
" Pauling, Proc. Roy. Soc. All4, 181 (1927); J. Amer. Chem. Soc. 49, 765 (1927). 
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scattering is impossible, and the empirical corrections vary with the atomic 
model adopted. 


FOURIER ANALYSIS AND ELECTRON DISTRIBUTION 


If we admit that the experimental F curves may be in appreciable error 
because of the effect of modified scattering, we should criticize the electron 
distributions obtained therefrom. Before making such a criticism, it is 
advisable to consider somewhat closely the limitations of the Fourier analysis 
method of determining electron distribution. 

Fourier analysis. Following Duane,’®? we may write the general term of 
the Fourier’s series representing the volume density p(xyz) of the diffracting 
power at a point in the unit cell of a crystal as 

A nyngn, Sin (24, x/a1—56,,) sin (2rM2y/d2—5n,) sin (24m32/a3—5n,) (1) 
A n,ngn, iS proportional to the structure factor for diffraction from the mnons3 
plane, where non; are the Miller indices of the different crystal planes 
multiplied by the order of diffraction; a;, a2, a3 are the lengths of sides of 
the unit cell, and the 6’s are phase constants. It was stated by Duane, and 
reiterated by the author™ that in order to obtain a unique distribution of 
diffracting power from the series, it is necessary to make two assumptions, 
as follows: 1. The distribution of diffracting power conforms to the symmetry 
of the crystal. This symmetry fixes the values of the 6’s. 2. All the coefficients 
of the Fourier series have positive values at the center of the heaviest atom 
of the unit cell. 

While there seems to be no objection to the first of these assumptions, the 
second is by no means necessarily valid. The actual A values in the series 
are square roots of measured intensities, so that the sign of any A is quite 
undetermined. Further consideration of the significance of these A values, 
however, leads us to understand why the second assumption was valid for 
all of the previous applications of the Fourier analysis. The A values of (1) 
are really F values, being taken from the experimental F curves. The 
question, then, is whether the F values ever have negative signs. At small 
angles, the F values are undoubtedly positive, and it is not until the F? curve 
touches zero that there can be any possibility of negative F values. Since our 
experimental F? curves do not reach to zero and are simply extrapolated to 
that point, the F values must be all positive. If an experimental F* curve 
were obtained which touched zero and then rose again, it would be a question 
whether the F curve had crossed zero and become negative, or had touched 
zero and risen again to positive values. The F curve from a model sodium 
atom discussed in a previous paper," without including the effect of thermal 
vibration, does cross zero, and some of the A’s in the Fourier’s series repre- 
senting electron density are negative. 

Model argon atom. Electron distributions calculated by Compton," 
Bearden,® and the author" for Na and Cl from very similar experimental 


12 Duane, Proc. Nat. Acad. Sci. 11, 489 (1925). 

18 Havighurst, Phys. Rev. 29, 1 (1927). 

4 A. H. Compton, X-Rays and Electrons, Chap. 5. Van Nostrand and Co., New York, 
1926. 
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data show differences at large distances from the centers of the atoms which 
make it desirable to investigate the limits of accuracy of the Fourier analysis. 
Since all experimental F curves must be extrapolated to zero at large angles 
of reflection, the method of extrapolation may affect the final distribution 
of electrons given by the analysis. Furthermore, Compton and Bearden 
extrapolated their F curves to zero value of sin @, using the number of 
electrons in the ion which is supposed to exist in the crystal as the final 
F value. At least one point from this extrapolated curve is used in each of 
their determinations of radial electron distribution. The author has not 
made this latter extrapolation because he wished to avoid all assumptions 
as to the amount of diffracting power associated with a lattice point. In 
order to determine the effect of errors in various parts of the F curve on the 
result of the Fourier analysis, the author has made use of a model argon atom 
with electrons arranged on concentric spherical shells as follows: 

2 electrons on a shell of radius 0.03A 

8 electrons on a shell o. radius 0.20A 

2 electrons on a shell of radius 0.80A 

6 electrons on a shell of radius 1.00A 
fand F values were calculated in the same way as was done for the model 
sodium ion in a previous paper," the same temperature factor being used. 
F and n F, values are plotted in the upper part of Fig. 1 against sin 6 
for \=0.1126A. It is seen that the discreteness of the electron distribution 
in the model atom has produced marked changes of slope in the F curve. 
Probably no actual atom has such a discrete electron distribution, but it is 
to our advantage to subject the Fourier analysis to an especially rigid 
examination by the adoption of such an improbable arrangement. The 
electron distribution obtained by Fourier analysis of the calculated F curve 
is given as the heavy line curve of the lower part of Fig. 1. Compton’s 
expression" for the radial electron density was used: 


Udr=4nr/D >> (2nF,,/D) sin (2enr/D)dr (2) 


We want to determine the effect of arbitrary changes in various parts of the 
F curve upon the electron distribution. The region over which it would be 
possible for the author to make experimental investigation is included 
between abscissa values 0.02—0.13 in the upper figure. 

First, let us change the value of F;, which would be an extrapolated point 
in the method used by Compton and Bearden. A change of 10 percent in 
F, has so little effect upon the electron distribution that a new curve need 
not be drawn. Now let us change the values of the F’s at large angles by 
making the extrapolation shown with the dotted line (a) in the » F, curve. 
The electron distribution becomes that shown by the dotted line (a) of the 
lower figure. Larger changes in the extrapolation would produce greater 
changes iff the electron distribution, but nothing very important. One can 
understand this, for with small values of n F, and increasing periodicity, the 
higher members of the series tend to neutralize each other, and add very 
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little to the total electron density. Of course, if experimental F values were 
confined to rather small angles, or if the F curve had not fallen to a fairly 
low value before extrapolation, the effect of the extrapolated part of the 
curve would be more important. But the chief characteristics of the radial 
distribution curve are due to the ” F, values which are greatest—that is, 
to those which may be determined experimentally. Consider the effect of 
a slight smoothing of the F curve, something which might conceivably be 
done by an experimenter who obtained a curve such as that given in the 
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Fig. 1. F curve and electron distribution curve for model argon atom. 


figure. If the F curve is smoothed as shown by the broken line (b) and the 
corresponding broken m F, curve, values of several of the F’s are changed 
by 2-10 percent. The effect of these changes is shown by the broken line 
(6) of the electron distribution curve. The area under this curve is only 
16.7 electrons. Evidently, accurate determinations of the F values within 
the ordinary range of investigation are necessary to a correct electron dis- 
tribution curve, while the extrapolated portion of the curve is of secondary 


importance. 
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Do experimental F curves represent all electrons? From the foregoing 
consideration it is evident that, provided the F curves represent electrons 
which are scattering radiation equally effectively at all angles, we may place 
faith in the results of the Fourier analysis. 

Does modified scattering influence the F curve of an atom? In the at- 
tempt to answer this question we must consider the electron distributions 
given by Fourier analysis of experimental F curves, and also the distributions 
resulting when the Fourier analysis is applied to F curves which have been 
calculated from model atoms with and without allowance for possible modi- 
fication due to the Compton effect. 

Each experimental F curve must give a distribution of diffracting power 
which is possible—that is, one which has no great negative values and which 
has a radius within the bounds set by interatomic distances as determined 
in ordinary crystal analysis. If such a distribution is not given, either the 
experimental data are wrong or the method is unsound. Every experimental 
F curve has given a reasonable distribution of diffracting power." 

From the point of view of Jauncey’s theory, we may say that the U curves 
obtained from Eq. (2) and experimental F values should be false, for they 
are based upon F curves to which the electrons contribute with varying 
efficiency at various angles. The Fourier analysis is meant to be applied to 
F values from an atom in which the number of electrons effective in scatter- 
ing unmodified x-rays is the same at all angles of scattering. The Fourier 
analysis assumes this condition to be true, and is unable to cope with the 
situation presented by Jauncey’s theory, where the number of electrons 
effective in scattering unmodified radiation varies with the angle of scatter- 
ing. Application of the Fourier analysis to F values from an atom of the 
latter sort would probably result in an electron distribution which was 
absurd. The absurdity would not, however, take the form of an unreasonably 
small area under the U curve, for the number of electrons must equal the 
value of Fat sin @=0, and F at sin 6=0 is unaffected by the Compton effect. 
The value of F at sin @=0 doés not enter into expression (2) and no ex- 
trapolated or assumed value is necessary; expression (2), however, when 
integrated, gives the value of F at sin @=0, provided the spacing used in 
(2) as large enough. Here lies the absurdity of the electron distributions 
obtained by Fourier analysis of F curves which have been modified by some 
influence similar to that of the Compton effect. The spacing necessary to 
contain all the electrons of an atom is greater than the maximum spacing 
allowed to that atom by the results of ordinary crystal analysis. 

jEffect of empirical corrections for Compton effect. It will aid us in properly 
est mating the force of the foregoing paragraph to find out what change in 
electron distribution is caused by an approximate modification of an F 
curve from a model atom for the Compton effect. Jauncey has calculated 
the modifications to be made in the F curve of a Hartree model Cl ion, and 
gives F values for the modified curve which should be experimentally ob- 


‘® Private communication. The author is indebted to Professor Jauncey for his criticism 
of this paper. 
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tained as a result of the effect of modified scattering, assuming, of course, 
that the atom model used by Hartree is correct. These F values are given in 
Table I in the column headed F,. The model atom has its electrons arranged 
as follows: 

2K electrons in circular orbits with radius 0.0335A 

2L1 electrons in elliptical orbits with av.r 0.314 

6 Lrrz electrons in circular orbits with radius 0.165 


2 Mr electrons in elliptical orbits with av.r 1.21 
6 Mrzr electrons in elliptical orbits withav.r 1.21 


The author has multiplied the original F values of Jauncey by a temperature 
factor e~*°"* in order to secure a more rapidly convergent series. The 
inclusion of such a factor results in a small increase in the radius of each 


shell and makes each shell rather diffuse in structure, but otherwise has 
no effect. 


TABLE I 


F values from model atoms, modified by the Compton effect. 








Cl- model Argon model 
D,=7.10A. \A=0.710A. D,=5.628A. A=0.1126A. 
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Upon application of the Fourier analysis with the F, values of Cl from 
Table I and a first order spacing of D=3.55A, the curve on the right of 
Fig. 2 is obtained, ending in the dotted line (c). Under this curve is an 
area of 16.4 electrons. Evidently too small a spacing was used in the analysis. 
With a first order spacing of 7.10A, the full line curve (b) is obtained, and 
the area under the curve is 18.7 electrons. Comparison of the curves resulting 
from this analysis and the model atom from which the F values were obtained 
shows that a false distribution has been given by the Fourier analysis. There 
is no trace of the hump of eight electrons which should appear at a radius of 
ca. 1.2A. One comes to the conclusion that the F values used in the analysis 
were wrong; but the F values were obtained from the correct values by 
modification supposed to be due to the Compton effect. If experimental 
F values for Cl gave a U curve similar to that of Fig. 2, containing too 
little electricity unless the radius is absurdly large, one might conclude 
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that the experimental F values were suffering from modification due to 
the Compton effect. However, the experimental F values from Cl, upon 
Fourier analysis, give a U curve which contains 18 electrons within a 
radius which is almost exactly the same as that attributed to Cl upon the 
basis of interatomic distances as determined in ordinary crystal analysis. 
If one is justified in assuming that the Hartree model is a fairly adequate 
representation of the atom, one is brought to the conclusion that the experi- 
mental F curves, which do not cause the same peculiarities in their U curves 
as those that result from calculated F values modified by Compton effect, 
and which do give reasonable distributions of e'ectrons, have not been 
appreciably influenced by the Compton effect. 
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Fig. 2. Electron distributions in model atoms whose F curves have 
been modified by the Compton effect. 


To make the point more clear, let us modify the author’s F values for a 
model argon atom in the manner suggested by Jauncey’s theory, and then 
apply the Fourier analysis to the new set of F values. In Table I under the 
heading F, are the author’s calculated F values for the model argon atom 
previously described. The F, values, which represent F, modified by the 
influence of the Compton effect have been calculated by the use of Eq. (3) 
of Jauncey’s paper? upon the assumption that T= V, where V =0.0242/A, 
if \, is expressed in angstrom units. The values of \, are as follows": 

K Ly Lin M, Min 
As 3.865A 22.2 51.7 196. 784. 

The broken curve (a) in the left-hand part of Fig. 2 is the same as the full 
‘ine curve in the lower part of Fig. 1, and represents the electron distribution 
obtained by a Fourier analysis of the F, values. The area under this curve 
is 18 electrons. Application of the Fourier analysis to the argon F, values 
of Table I for a spacing of D=2.814A gives the dotted line curve (c), which 


16K. T. Compton and F. L. Mohler, Bull. Nat. Res. Coun. No. 48 (1924). From (»/R)/? 
values given on page 199. 
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coincides with the full line curve during most of its course. Under curve (c) 
the area is 14.1 electrons. When F, values for a first order spacing of 5.628A 
are used, the full line curve (0) results from the analysis. Under this curve 
the area is 18.2 electrons. But there is no trace of the hump representing 
the M electrons, and the radius is unreasonably large. 

From the standpoint of the Fourier analysis, the consequences of a modi- 
fication of the F values of an atom as suggested by Jauncey’s theory are seen 
to consist of the production of a false electron distribution with an unreason- 
ably large radius. Since the Fourier analysis of experimental F values does 
not give such a patently false electron distribution, the logical conclusion is 
that the experimental F values must not have been affected by the Compton 
effect in the manner supposed by Jauncey’s theory. 


CONCLUSION 


Although we have seen that the quantum theory of scattering of x-rays, 
which accounts qualitatively for the Compton effect, suggests the existence 
of an effect that modifies the atomic-structure factor and which should 
consequently cause our Fourier analysis determinations of electron distribu- 
tion to be patently false, yet we find in the electron distribution curves ob- 
tained from experimental F curves no evidence of falseness which might be 
attributed to the workings of such an effect. If the Fourier analysis method 
of determining electron distribution is sound and accurate (this the author 
believes has been demonstrated), the conclusion is that any modification, 
caused by the Compton effect, in the intensity of regular reflection of x-rays 
is very small, and may be neglected. 

The author gratefully acknowledges the criticism and advice of Professor 
William Duane and of Professor Arthur H. Compton during the preparation 
of this paper. 


JEFFERSON PuysIcAL LABORATORY, 
HARVARD UNIVERSITY, 
July 15, 1927. 
Revised October 1, 1927. 


Note added November 11, 1927. The recent appearance of articles by Waller | Nature, 
120, 155 (1927); Phil. Mag. (in press)] and by Wentzel, [Zeits. f. Physik, 43, 779 (1927)], 
treating the Compton effect on the basis of the Schridinger theory, serves to illuminate much 
more clearly the problem of Compton effect and experimental F curves. In a paper on “The 
Intensity of X-ray Reflection” which he presented at the Solvay Conference, W. L. Bragg has 
made use of the results of Waller and Wentzel in an excellent discussion of the application 
of Fourier analysis to the determination of electron distribution. Stated briefly, these inves- 
tigations lead to the conclusion that “the coherent part of the scattered radiation may be 
directly calculated from the continuous distribution of electricity which is defined by the 
Schrédinger density distribution in the initial state of the atom.” Experimental F curves are 
therefore a measure of the Schridinger continuous distribution of electricity in the crystal 
lattice. The results of the author’s calculations are to be regarded as confirmatory of Schri- 
dinger’s theory in this particular application. 
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ON THE SPARK SPECTRUM OF OXYGEN (O II) 
By Henry Norris RUSSELL 


ABSTRACT 


Thirteen new terms in the O II spectrum have been definitely, and two more 
provisionally, identified, accounting for 99 lines, including all the strong ones not 
previously classified. The electron configurations corresponding to the new terms have 
been identified. Those in which the excited electron is in a 4f or 5f orbit give diffuse 
lines. Intercombinations between the doublet and quartet systems (detected inde- 
pendently by Croze and Mihul) confirm Bowen's conclusions regarding the origin of 
the nebular lines near \3727. 


HE second spectrum of oxygen has been very carefully measured by 
Fowler,' who analyzed it into extensive doublet and quartet systems. 
His results have been interpreted by Fowler and Hartree,? on the basis of 
Hund’s theory. Additional lines, including the resonance lines in the vacuum 
region, have -been identified by Bowen* who thus found the lowest energy- 
levels and the ionization potential. The present communication supplements 
these investigations by the classification of the outstanding strong lines and 
many weak ones, and the identification of the principal terms predicted 
by theory and not previously known, and of inter-system combinations. 
The terms of O II may be derived from the low metastable configurations 
of O [II by the addition of an electron in various “orbits” according to the 
following scheme. Here the quantum number of the s and p electrons is 
supposed to be 2 unless otherwise stated. 


TABLE | 
Predicted terms in the spectrum of O II. 





(s?p?) 3p’ 1p 





O Ill 





Ol s*p3 4S’ 
sp* op’ 
2p! 


s*p? ° 4p’ 
2p’ 





s*p? + mp > A, > 


s*p? - md 4p’ 4D 4F’ 
2p’ 2D, 2F’ 
s*p? - mf ?*, FG" 
2D’, 2F 2G" 

















' A. Fowler, Proc. Roy. Soc. A110, 476-501 (1926). 
2? R. H. Fowler and D. R. Hartree. Proc. Roy. Soc. A111, 83 (1926). 
*I. S. Bowen. Phys. Rev. 29, 242-245 (1927). 
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The low terms, arising from the configurations s*p* and sp‘, have been 
completely identified by Bowen, and, many of the higher terms by Fowler 
and Hartree and by Bowen, including all the quartets arising from con- 
figurations including a 3s, 4s, 5s, 3p or 3d electron, and most of the doublets 
derived from these configurations, with limits *P’ and 'D’, except for the 
F and G terms. These terms have now been found—accounting for the 
strong outstanding lines—and some terms involving a 4d, 4f or 5f electron 
have been added. No terms of the third set, with limit |S, have been definitely 
identified, though some are suspected. 

The deduced term-values are given in Table II. Fowler’s doublet terms 
are copied without change; his quartet term-values (which had an arbitrary 
starting-point) are decreased by 2478.3 to bring them into harmony with 
the inter-system combinations. The new terms are marked by asterisks. 

The only term of Fowler’s which has been altered is a‘D—the combina- 
tions showing that his a‘D; is really a*F;’* and the unidentified level x; 


TABLE II 
Observed terms in O II. 








x=17518.2; x’=17048.6; x’’=16976.0 





s*p3 
a‘S,’ 283028 a’P, 242560. a*D;’ 256210. 
a*P, 242555. a*D,’ 256190. 


sp! 
a‘P;’ 163190 a*S; 87310. + @Ds; 117033. 


a‘P,’ 163027 a*D, 117024. 
a‘P,’ 162945 b?P,’ 70435. ° 
b?P,’ 70262. 


Limit °P’ Limit !D 
- 3s 
b'P;’ 97521. a’P,’ 93952. b?Ds; 
b*P,’ 97680. a*P,’ 94132. 62D, 
bP,’ 97785. 


- 4s 
d‘P,’ 44128. d?P,’ ° e’Ds; 
d‘P,’ 44289. d?P,’ ‘ e*D, 
d‘P,’ 44394. 


etP,’ 25057. fP 2! 
etP,’ 25223. f2P,’ 
etP,’ 25327. 


p*:. 
bts’ 70859. . 50494. 
50540. 


53074. 


a‘P; 74536. 
53052. 


a‘P, 74628. 
a‘P, 74674. 


7 
7 
8 
a‘D,’ 76018 .4 ' 54274. 
a‘D;’ 76143 .0 54297. 
a‘D,’ 76234 .6 
a‘D,’ 76290.1 





* This component of the F term was identified by Fowler and Hartree and the true 
‘D, by Mihul, Comptes rendus 123, 876 (1926). 
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TABLE II continued 








Limit *P’ Limit 'D 





s*p? - 3d 

50558 .1 cP,’ 49590 .8 b*S, 
50485 .0 cP,’ 49476.8 
50418.5 e*P,’ 

cD; 48566 .4 e*P,’ 
50267 .1 cD, 48618 .4 
50224 .7 d*D; 
50275 .0 *a? F,’ 50061 .8 d*D, 
50309 .4 a* F;’ 50273 .4 *b? F,’ 

b?F;’ 

51490 .7 
51593 .0 a**Gs 
51670.9 a*G, 
51724.9 


SR BOND FO WD 





27329.5 
27207 .8 
27108 .9 
27023 .3 


26884 .7 
26897 .8 
26933 .3 
26937 .4 


27043 .4? 





17376.4 
17336.8 


17021.8 
17010.2 


17518.2 
17048.5 


16976.0 








is the true a*D;, while his a*D, (which depends on but one line) is not real 
and must be replaced by a nearby level. 

The newly identified lines, 99 in number, are given in Table III. All are 
taken from Fowler’s admirable list. The strongest of them are all connected 
with the new ?F and *?F’ terms. These assignments are confirmed by cross- 
combinations, except for the strongest pair at 4189, 4185. This was listed 
as a*F—a’G on the ground that these lines must be stronger than other 
combinations from this level, in this region of the spectrum, and have about 
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TABLE III 
Newly classified lines of O II. 








» Int. v Designation » ‘ v Designation 





20549.47 b4S,’—a‘tD, ; 24399. a*P,—a'D, 
20583.38  b4S2’—a‘D, . 24403. a*P,—a‘D; 
20585 ° 27 b4S2’—a? F;’ ° 24459. BF 4;' —a®G54' 
20634.04  b4S,’—a‘D; . 24474 .95 a*P;—a*F,’ 
20641 .50 —@P»? ‘ 24606. a‘ F;’—a'F; 
21034.81 &D;’—a*F; . 24656. BF 4s’ — Bb? Fs; 
21040 .83 : 24695. a'F,’—a'F, 
21083 .56 ; 24738. a‘ F;’—a‘F3? 
21225.31 25198. a*P,—c*P,’ 
21246 .43 25745. a*D,' —a’F;’ 
21256.28 25793. a‘D,’—a'D; 
21274.23 25869. a‘D;’ —a*F;’ 

25918. a'D;'’—a'Ds 
21751 .08 25925. a*D,’—a'D, 
21775 .76 25956.05 a*D,’—a*®F,’? 
22268 .07 25980. a‘D,’—a‘D, 
22474 .66 26010. a‘D,'—a'D; 
22500 .76 26081 . a'D;’ —a?®F;,’ 
22833 .40 


28593. a?S,'—cP 2’ 

4358. 22937 .77 28659. a?S,'—c*P,’ 
4357. 22943 .83 28769.27 = a? S,;’—a*D, 
4344. 23011.58 d*Ds32.—d?D32’ 30539. a? F,—eD; 
4343. 23017 .52 a‘D;—b*D;' 30563. a? F;—e?D» 
4334. 23065 .4 a*F;'—b*D;’ 32887. a*D;—cD;’ 

4332. 23073.51  a®Gss—a?Gsa’ 32890. a'D,—c'D,' 
4315. 23165.53 a*D2—b‘D,’ 32966. cP,’ —x 
4313. 23176.91 a®F,’—a‘F; 33040. cP;'’—x 
4303. 23228 .66 c*P;’—b‘D,’ 33148. céP,’—cAD,;’ 
4294. 23277 .34 cP2’—b‘D;’ 33175. atD;—x’ 
4292. 23291.38  atD3;—a‘F; 33181. c*P;'—cD,’ 
4288. 23309.85 ctP,’—b‘D2’. 33214. a'D;—b'F, 
4285. 23326 .87 a‘D;—a‘F, 33226. a*D,—x’ 
4283. 23337.50 a*De—a‘F, 33245. a'D,—b'F; 
4282. 23341 .80 a‘D.—a'F; 33248. a‘D;—x"" 
4281. 23350.30 ctP;’—b‘D;’ 33256 a*D,—b'F, 
4277. 23369.40 atD,y—a'tF, 33261. a‘D,—x’ 
4277. 23372.13 a‘D,—a‘F; 33291. a’Dy—x"" 
4276. 23375.92 cP.’—b‘D,’ 33369. cP,’—x’ 
4275. 23382.40 atD,—a‘F; 34469 a‘ F,’ —b‘F; 
4273. . 23395.27 c#P,’—b‘D." 34617 a‘ F,/—x"’ 
4253. 23500.80 a*Gs4—a*Hes 39509. b?D;' —b’ F,’ 
4189. 23860 .82 a? Fy—a’Gs 39702. b’D,’—b* F;’ 
4185. 23885 .57 a*F;—a°G, 45634 fO*S2’ —c'P,’ 
4120. 24263 .25 a‘P;—a’F, \a?* Fy —ct Fy’? 
4113. 24301 .48 a? F,—d?D; a? F;—¢ F;’ 
4112. 24312 .00 a*P;—a‘D; a?D;—*D;’' 
4110. 24319 .33 a*P,—a‘D, a’? Fy— BG; 
4110. 24322 .88 a? F;—d?Dz a? F3—b?G, 
4104. 24355 .24 a*P,—a’*F;’ 


a?D,—b*P, 
4103. 24365.51 a*P,—a‘D, a*D,—b’Ps 


4864 .95 
4856.82 
4856.49 
4845. 
4843. 
4752. 
4751. 
4741. 
4710. 
4705. 
4703. 
4099. 


i] 


om 


4596. 
4590. 
4489. 
4448. 
4443. 
4378. 


s 


SOECOn Ce “IO OOUW FDR Ow W 


2. Ln Bes | 


_— = 
~ = 


Ne UI OR FR DDN WH OW OW OW eT TR Re mimi WD UP OP we 


45657. 
45724. 
46246. 
46270. 
48173. 
48241. 





ONO S ~10 CORE Pe RUE WA DUOW HNO 


aroocor- 








* Too strong. blend? 


the observed separation. No other lines meet these conditions. There should 
be a faint satellite 0.21A to the violet of \4189, which may well have been 
missed. 

There are numerous hazy lines in the violet, few of which have previously 
been classified. Many of these are combinations between the quartet terms 
of origin s*p? - 3d, and higher terms, 4D’ and ‘F, which, in all particulars, 
are what might be expected from s*p?- 4f. The ‘G’ term related to these 
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could not be worked out, though the leading line of the multiplet has been 
provisionally identified. A very hazy group near \3000 appears to involve 
the configuration s*p? - 5f—though the multiplets are very incomplete, being 
reduced to a few of the strongest lines. Certain additional energy levels, 
called x, x’, x’’in Table II account for the strongest lines of this group. These 
levels apparently belong to odd terms of the quartet system, but have not 
been further identified. A second hazy group near \2900 remains unexplained. 

The doublet terms of similar origin may be expected also to give hazy 
lines in the same region. The doublets with limit 'D give the strongest lines 
at lower levels. Those arising from d?s? - 3d form close pairs, and those from 
d’s? - 4f should lie still closer, so that the groups arising from their combina- 
tion, if hazy, may well be unresolved. A number of additional hazy lines 
have thus been classified, with considerable security. The combination 
a®G’—a*H’ should give the strongest group, and the strongest hazy line 
44253 has been placed here. The term d?P is uncertain, as the fainter com- 
bination which should check its existence should be close to the strong line 
4448.21. The corresponding terms for the doublets with limit *P’ probably 
account for other hazy lines in this region, which it has not been practicable 
to classify. ; 

Finally, a few faint lines near (42100 have been assigned to terms of the 
s*p®? - 4d configuration, largely on the basis of series relations. 

The intercombinations between the doublets and quartets are peculiar, 
since they involve terms at high energy levels; and are nevertheless remark- 
ably strong. They come entirely from the configurations s*p?- 3p and 
s*p® - 3d, with limit *P’. The intensities of the combinations of these terms 
are as follows: 


Sp? - 3p 
4p’ 
4321 





4 
+ 









































+ 
3 








* Blend. 
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All the strongest intercombinations involve either the ‘D or the ?F’ term. 
These terms lie at very nearly the same level, and it may be that some mutual 
perturbation occurs, which is suggested by the fact that ‘D is partiy inverted. 
Such perturbations are often accompanied by abnormal intensities, and 
unusual g-values in the Zeeman effect.‘ 

Several series may be picked out among the terms of Table II. The 
doublets and quartets of configuration s*p? - ms and limit *P’ have been 
identified by Fowler and Bowen, and the term-values here given are referred 
to the limit calculated by Fowler for the ?P2 terms (which should converge to 
3P,in O III. The constants of the Ritz formula (mP) =4R/(m+yu+k(mP))? 
and the resulting limits, for the two known series of three members, are as 
follows: 

sp’ pw =0.2447 107 k=—9.13 Limit 0 

‘p’ 0.1512 — 3.63 — 249 
There are also two series of two members each converging to this limit 
involving 4f and 5f electrons. Rydberg formulae applied to these give for 
‘D,’ »=0.9876, Limit = —260, and for ‘F;’ 1.0012, —520. <A weighted 
mean indicates that the assigned limit is too low by about 210 frequency 
units—too small an amount to justify changing the tabular numbers. 

There are also three series of two members each, which converge to the 
'D term of O III. For the series b?D; e?D;, involving an s electron, we may 
assume k= —6.5X107-' (the mean of the values found for the other two 
series) when a Ritz formula gives py =0.2013, Limit = — 19840. 

For b? Fy’, 2 F,’ and a®G;, b°G;, involving d electrons, Rydberg formulae 
give respectively u = 0.9653, 0.9077, and limits — 20160, — 20090. The mean 
of these three indicates that 'D is about 20030 units above the assumed 
origin, or 19820 above *P,. The error of this determination is probably 
less than 200 units. 

With these limits, the mean quantum defects for the terms involving 
excited electrons of various kinds are found to be 


Electron Quartets (*P’) Doublets *P’ Doublets 'D 
3s 0.88 0.84 0.87 
4s 0.85 0.79 0.86 
5s 0.83 0.77 


3p 0.56 0.55 0.54 


3d 0.06 0.02 0.02 
4d 0.03 


4f —0.01 —0.06 
Sf —0.03 


These are very much what might be expected. The negative values for the 
felectrons indicate that the true limits may perhaps be a little higher. 

The |S term in O III lies higher than the 'D by 22911 units, according 
to Bowen. The terms of O II derived from this limit should lie high, and 
give faint lines. It is noteworthy that almost the only outstanding sharp lines 
of any strength may be arranged as follows 


‘ Mihul (loc. cit.) finds that some of these g’s are actually abnormal. 
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(4) (4) 
22375 .72 12.42 22388 .14 


(1) 

; 8 .86 22377 .37 

(0) (2 (0) 
24113 .44 24125 .84 8.90 24134.74 
(1) 1) 

24127 .29 8.85 24136.14 


These lines are in the region where we might expect those produced by the 
electron transitions 3s-3p and 3p—3d. It may be that one or other of these 
separations belongs to the doublets of limit 'S, but the data appear in- 
sufficient to work them out. 

It remains to apply the foregoing data to test Bowen’s brilliant sug- 
gestion® that the strongest lines in the spectrum of the gaseous nebulae 
correspond to “forbidden” transitions between metastable states of O II 
and OIIl. The energy of transition from 2D’ to 4S’ in O II, which could 
previously be only roughly calculated by means of series limits, is now 
accurately fixed by the intercombinations. We find 

4S.—*D3=26817.5 3725.10 
4$2?— 2D, = 26837.3 3727.76 

Very strong nebular lines lie at 3726.10 and 3728.84, with » = 26810.45, 
26830.15. The outstanding discrepancy of 7.2 frequency units undoubtedly 
arises from the inevitable uncertainty of the measures of the extreme ultra- 
violet lines used in fixing the low terms. If the whole discordance is thrown 
upon the lines of shortest wave-length, *S’—‘P’ at \539, it appears that 
exact agreement can be reached by an increase of Bowen’s observed values 
for the three components of the triplet by 0.023, 0.025 and 0.026A. No 
closer agreement could be demanded in this region. As for the chief nebular 
line, which Bowen attributed to *P2’—'D, in O III, the series calculations 
of the present paper predict y=19820+200, while the observed line (NV;) 
is at 19967.17. Here again the agreement is excellent, and supports the 
identification, which is beyond doubt anyhow by the fact that the frequency 
difference of the lines N; and N» (192.93) agrees perfectly with *P.,—*P, 
which is 193.1+1, and by Fowler’s statement regarding the relative term 
values.® 

Bowen’s conclusions regarding the nebulae lines are therefore strongly 
confirmed. 

PRINCETON UNIVERSITY OBSERVATORY, 

October 28, 1927. 

5 Bowen, Nature 120, 473 (1927). 

® Fowler, Nature 120, 582 (1927). 

Note added November 25, 1927. Just after the present paper was sent off the paper by 
Croze and Mihul (C. R. 185, 702, 1927) was received. These authors give the terms 3d‘D and 
3d°F’, and the intercombinations involving these. The only difference in the interpretation is 
that the attribution of two closely adjacent levels a*D; and a?F;' is reversed. The intensities 
in the multiplet aD —a‘F are strongly in favor of the assignment here adopted. The faint 
lines at \A2161, 2160 are interpreted by Croze and Mihul as 3°D —e*P. Fowler's observed 
wave-numbers differ by about 4 units from the computed positions, and it is improbable that 
this intercombination should be observable, as those with earlier members of the series, which 
should be stronger, are absent. The confirmation of Bowen’s work by these intercombinations 


was pointed out by A. Fowler (Nature, 125, 617, 1927). December 20. Mihul (C. R. 185, 937, 
1927) gives also the terms a?F, a?G. 
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SERIES SPECTRA OF CHLORINE, Cli, Clin, Cliy, Cly, AND 
OF Sin, Pur AND Siy 


By I. S. BowEN 


ABSTRACT 
Series spectra of chlorine.—Twenty-six lines are classified in Clu, eighty-eight 
in Cli, twenty-six in Clry and seventeen in Cly. Twenty-one term values are fixed 
in Clur. 
Series spectra of Sit:, Pu: and S:y.—Five lines are identified in Siy, in addition 
to those previously known. Fifteen additional lines are classified in Pur and thirteen 
in Sry. 


I. CLASSIFICATION OF CHLORINE SPECTRA 


N PREVIOUS papers by Millikan and Bowen,' several of the lines of Cly, 

Cly; and Cly1: were classified. Paschen? has identified a few of the quintets 
of Cli; and Hopfield*® has called attention to four triplet groups in Cly 
occurring in the extreme ultra-violet region. 

In the present article several additional lines are classified in Cly and 
twenty-six lines of the triplet system of Clry are identified. Nearly ninety 
lines are assigned as arising from transitions between various terms of the 
quartet and doublet systems of Clr. For Clr; new measurements have been 
obtained on the lines observed by Hopfield and these, along with a few 
additional lines, are given their series designation. 


TABLE I 


Series lines of Clry 








Series pat. §. A. , Series 
designation designation 


aP,—3nDy, 
aP,—3nD, 
aP,—3nDs 
aP,—3nD, 
aP)—3nD; 


Triplets : 788.742 126784. 

788.985 126745. 
634.250 157667. aP,—P, : 793.345 126048. 
635.882 157262. aP,—P» ‘ 793.473 126028. 
636.626 157078. aP,—P» 795.357 125729. 
637.070 156969. aP,—P, 
638.278 156672. aP)—P, E 888 .060 2605. aP,—4kS 
639.458 156382. aP,—P, c 893.550 2. aP,—AkS 
895 .953 oe aP o—4kS 





“INO bo 


707.450 141352. aP,—Ds; 
709.173 141009.: aP,—D, 1063. 
710.540 140738. aP,—D, 1067. 
714.063 140043. aP,—D, , 1071. 
715.602 139742. aP,—-D, 1075. 

‘ 1079. 


aP,—bP, 
aP,—bP» 
aP,—bP, 
aP,—bP, 
aPo)—bP, 
92672. aP,—bP, 





Onno; 


NSNONWUST 








1 Bowen and Millikan, Phys. Rev. 25, 295, 591, 600 (1925). 
* Paschen, Ann. d. Physik 71, 559, (1923). 
* Hopfield, Phys. Rev. 26, 282 (1925). 
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SERIES SPECTRA OF CL, SI, P AND § 


TABLE II 


Series lines of Clyz1 








Int. . A. Vac. Series Int. I.A. Air Series 


designation | designation 


| 


Quartets 





2796.37 35750. 
2805 .17 35638 


4mS—4nD, 
4mS—4nD, 


Ne 


174614. aS—4kP; 
174092. aS —4kP, 
173737. aS—4kP; 


3104.46 32202. 
3139.34 31844. 
3191.45 31324. 


4kP,—4mS 
4kP.—4mS 
4kP;—4mS 


aa O- 


107418. bP3;—4mS 
106806. bP,—4mS 
106461. bP,—4mS 


3283 .41 30447 
3289 .80 30388 . 
3300 .95 30285. 
3329 .06 30030 
3340 .42 29927. 
3387 .60 29511. 


4kP,—4mP; 
4kP,—4mP, 
4kP,—4mP, 
4kP.—4mP, 
4kP;2—4mP;, 
4kP;—4mP, 


106020. bP;—4mP; 
105600. bP;—4mP, 
104888. bP,—4mP, 





SCHOOWs 


3602.10 27753. 
3612.85 27671. 
3622.69 27596. 
3656.95 27337. 
3670 .28 27238. 
3682 .05 27151. 
45 26979. 
26718. 


4kP;—4mD, 
4kP,.—4mD, 
4kP,—4mD, 
4kP,—4mD, 
4kP.—4mD, 
4kP;—4mD, 
4kP,—4mD, 
4kP;—4mD, 


99474. aS —bP, 
99129. aS—bP, | 


98519. aS—bP; 
4mD.—5kP,; | 


4mD;—SkP; | 
4mD,—5kP, 
4mD.—5kP, Doublets 
4mD,—5kP, | / 
4mD4—5kP,; | 
4mD;—5kP2 | 
4mD,—5kP, | 
| 


44805. 
44370. 
44319.5 
44059. 
43878. 
43770. 
43628 .: 
43620. 


wd ss71 51575000 NOOWws a Cocoon 
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170394. aD,—4kD 
170335. aD,—4kD 


MAwoakwadau.es~! 


3 
7 
2 
= 
a 
7 
4 
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162961. aD,.—P, 
162900. aD;—P, 
161909. aD,—P, 


42013.: 
41596. 
41371. 
41267. 
40929. 
40851. 
40827. 


4mP.—5kP; 
4mP;—5kP; 
4mP,—S5kP, | 
4mP,—5kP,}| ; 161024. aD,—4kP, 
4mP,—5SkP, P 160958. aD;—4kP, 
4mP;—5kP, q ; 160316. aD,—A4kP, 
4mP,—5kP, 


Ouwur~ nu 
Qa OO eS WwW 


on 
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158634. aP,—4kD 
4mS—5SkP; 1 30. 158542. aP,—4kD 
4mS—S5kP, | 
4mS—5kP, | ‘ 151191. aP,—P, 
151095. aP,—P, 
4mD,—4nD, ; : 150141. aP,—P, 
4mD.,—4nD; : 150038. aP,—P, 
4mD;—4nD, 


40198. 
39452. 
39012. 


— i UI 
mw 


40500. 
40354. 
40281. 
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40241. 
39920. 


4mD,—4nD, 149265. aP,—4kP, 
4mD;—4nD; 7 ; 149169. aP,—4kP, 
4mD;—4nD,| . ‘3 148560. aP,—4kP, 
4mD,—4nD, | 148457. aP,—4kP, 
4mD,—4nD; 
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4mP,—4nD;\ § 30813. 4kP,—4mP, 

4mP,—4nD, | 30672.5 4kP,—4mP, 

4mP;—4nD, 7 30106. 4kP.—4mP, 

ye he | 29966. 4kP.—4mP, 

4mP;—4nD,j | 

4mP3—4nD, | 26667.6 4kP;—4mD, 
| 25961.2 4kP.—4mD, 


KS Mnanwu 
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Soon 


2699. 37029. 
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TABLE II continued 
Term values 





321936. SkP, 76984 .5 120862. 
5SkP2 76543 .6 120604. 
5SkP3 75798 .8 120170. 
222461. 119568. 
222806. 
223416. 4mS 115997 .5 
80363. 
4mP, 117914.4 80250. 
148200. 4mP», 117812.0 79889. 
147842 .2 4mP; 117394.8 

147322.1 














TABLE III 


Series lines of Clry 








Series Int. J.A. Vac. y Series 
designation designation 
607 .088 164721. aP,—bS 
608 .903 164230. aP,—bS 
612.070 163380. aP,—bS 


aPyo—bP; 
aP,—bP» 
aP,—bP, 
aP,—bP, 
aP,—bP; 
aP,—bP, 


aPy—bD, 
aP,—bD, 
aP,—bdbD, 
aP,—bD; 
aP,—bD, 





Triplets 


463.011 215978. aP,—4kP, 
464.292 215382. aPo—4kP, 
464.861 215118. aP,—4kP, 
465 .350 214892. aP,—4kP, 
466.132 214532. aP,—4kPo 
467.194 214044. aP,—4kP, 


549.219 182077. aP y—3nP 
550.706 181585. aP,—3nP 
553.297 180735. aP,—3nP 


831.431 120274. 
834.659 119809. 
834.840 119783. 
834 .967 119765. 
840 .808 118933. 
840 .933 118915. 


ae OU GW Hm be Go 
On 
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973.212 102752. 
977 .560 102295. 
977.901 102259. 
984.952 101527. 
985.749 101445. 


599 .733 166741. aPy—3nD 
601.499 166251. aP,;—3nD 
604.590 165401. aP,—3nD 





3 
3 
4 
3 
3 
3 
3 
2 
3 
2 
3 
3 
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The lines, thus classified, are collected in Tables I, II, II] and IV. In 
these tables the usual notation is used for the term type. The electron 
configuration for an n-valence-electron system is indicated as follows: 


Configuration Designation 
s*p*-2 a 
sp*-? , b 
si c 
s k 
sp"? - p m 
spr3.d n 
tial | q 
All electrons are in three-total-quantum-number orbits in the first three 
configurations. For the remaining cases the total quantum number of the 
excited electron is indicated in the usual way by a numeral preceding the 
letter. 
The term values in Cl;;; are fixed by making the 3kP; and the 4kP; terms 
follow the Rydberg formula. 
The only lines requiring special mention are a°P-—b®P, a*P—b*®D, a® P-—3n'*P, 
a*P-3n*D of Clry. In an earlier analysis of Pi;* these groups were found and, 
by means of the irregular doublet law, definitely correlated with the same 


s*p*-* » 


* Bowen, Phys. Rev. 29, 510 (1927). 
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TABLE IV 


Series lines of Cly 








Series Int. I.A. Vac. Series 
designation designation 


629.354 158893. aP,—bP;, 
633.186 157931. aP,—bP, 
635.323 157400. aP,—bP2 
639.226 156439. aP,—bP, 





Quartets 


676.785 147757.4 b6P,—cS 
679 .257 147219.7 o6P2:—cS 
683.171 146376.2 b6P3;—cS 


681.924 146643. aP,—bS 


Doublets 688 .933 145152. aP,—bS 


390 .07 256364. aP,—4kS 
392 .39 254848. aP,—4kS 


538 .032 185863. aP,—3nD, 
542.297 184401. aP,—3nD; 
542 .395 184367. aP,—3nD, 


883.127 113234. aP,—bD, 
894.340 111814.; aP,—bD; 
894.910 111743. 


pr Pe Wh hw 











groups in Si; which had been observed by Fowler.® The terms were then 
assigned to the electron configurations in the same way that Hund® had 
assigned the corresponding levels in Si;. Since then data have become avail- 
able that fix the position of the lines caused by these electron jumps (sp"™ 
—s*p* and s*p"-* - d—s*p"-*) in nearly all stages of ionization of all atoms of 
the second row of the periodic table. A study of the frequencies of these lines, 
relative to the frequencies of the corresponding lines in the first row of the 
periodic table, shows that the assignment of the configuration in Si; and Py 
should be interchanged, i.e., the 6 terms should be designated as 3” terms 
and vice versa. In the present table of Clyy these lines are given their correct 
assignment and therefore do not correspond to the designations in Si; and Py. 


Il. ADDITIONAL LINES IN THE SPECTRA OF THREE-VALENCE-ELECTRON 
SILICON, PHOSPHORUS AND SULPHUR 


Fowler,’ Saltmarsh,’ and Millikan and Bowen! have classified many of 
the lines of Sizz, Przx and Sry. Most of these lines could be assigned to jumps 
caused by the excitation of the pelectron. In each case there were found also 
a p’ term and an x term which the Hund theory has since accounted for as 
terms of the sp* configuration. In Si; this x term is evidently the ?D term 
and in Py; and Syy the 7S term. A study of new data for these elements 
reveals various lines due to combinations with the ?D term in Py; and Syy 

TABLE V 


Series lines of Siryz 








I. A. Vac. v Series designation 





Quartets 
1246.75 ; bP, —cS 
1248.43 k bP:—cS 


1251.17 : bP3—cS 


Doublets 
1 1304.41 ‘ aP,—bS 
2 1309.28 ; aP;—bS 








5 Fowler, Phil. Trans. 225, 1 (1925). 
* Hund, Zeits. f. Physik 33, 345 (1925). 
? Saltmarsh, Proc. Roy. Soc. A108, 332 (1925). 
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and the *S term in Siy. This completes the identification of all doublet levels 

predicted by the Hund theory for the sp? configuration. These and several 

other new lines in the spectra of these ions are given in Tables V, VI and VII. 
TABLE VI 


Series lines of Prrr 





Series 
designation designation 





Quartets : m 103709.3 bD;—4qF 





828 102793 .1 bP,—cS 334.83: 74915. aP,—bD, 
.772 102588 .1 bP2—cS 344 . 333 74386. aP,—bD; 
884 102261.6 bP3;—cS ‘ 344.85 74357. aP,—bD, 


Doublets ; 501.5: 66598. bD.—4mP, 
07 176035. aP,—5kS 3 502.2 66567.: bD3;—4mP, 
90 175469. aP.,—5kS 504.65 66460. bD2—4mP, 





86 171863. aPs:—4nD | 61781.4 3nD.—49qF 
: 61769.2 3nD;—4qF 











Term Values 


134296 .3 bD» 168415.7 , 64678.8 
133920.7 6D; _168386.3 

















TABLE VII 
Series lines of Sry 








Series | Int. 
designation | designation 





3 3 bDe—cP 
3 > F . bD;—cP 


Quartets 


265 


| 
125271.6 | 

470 124926.6 bP2—cS_— | 
12 


6 72 94102. aP,—bD, 
4381.9 bP3—cS | 6 2 93197.3 aP.2—bDs; 
| } 522 93151.3 aP.,—bD, 


975 


Doublets 
286 119576.3 bD;—4mP., 
447 119410.5 bD.—4mP, 


1 55.9 bS—cP 


1 56.6 bP,-—cP 
2 640 1. 4 bP.—cP 








ia ee Term values a re _ 
bP; 247923.: bD» 287439.5 170173. 
bPs 247297 .: bD; 287393 .3 





As only new lines and levels are included in these lists, they should be con- 
sidered supplementary to the earlier tables. The relation between the 


notations used in the earlier articles' and the present one is as follows: 


Old New Old New 
3p aP, 5s 5kS 
3pe aP, 4p 4mP, 
% bS 4pe 4mP, 
3p": bP» 3d, 3nD; 
3p's bP; 3de 3nD, 
4s 4kS 4d 4nD 


The wave-lengths of the S;y lines are taken from unpublished determina- 
tions made by Mr. Ingram at this laboratory. 


NORMAN BRIDGE LABORATORY OF PuHysIcs, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
October 31, 1927. 
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IODINE RESONANCE SPECTRA EXCITED BY THE YELLOW 
MERCURY LINES 


By C. N. WARFIELD 


ABSTRACT 

The resonance spectra of iodine vapor in vacuum excited by the two yellow 
mercury lines from the Cooper-Hewitt glass lamp have been analyzed. The spectra 
excited by the yellow line at 5771.2A is found to consist of a series of doublets the 
main lines of which conform closely to the formula set up by Mecke from Wood's ex- 
perimental data. No anti-Stoke’s lines were observed to be excited by this excitation. 

The excitation by the yellow line at 5792.3A was found to be much more com- 
plicated consisting of three series of doublets one of which shows two anti-Stoke’s 
members; and another shows one anti-Stoke’s member. The remaining series did 
not show any anti-Stoke’s members; however the zero order of this series is also 
missing on the photographic plates. 

It is-calculated that the molecules giving rise to the series having two, one, and 
no anti-Stoke’s members must have vibrational energy in the unexcited state as 
represented by the quantum numbers # 2 2,1,and 1 respectively. Then by further cal- 
culating the positions of the heads of the bands of which the excited lines are members, 
it is seen that there are band heads sufficiently close to these calculated values, having 
values of 2, 1, and 1 respectively for #7, but none sufficiently close having other 
possible values for 7 greater than these. 


INTRODUCTION 


HE resonance spectrum of iodine vapor is of great theoretical interest 

because of its aid in perfecting the modern quantum theory as applied 
to complicated band spectra. The reason for this is that the absorption spec- 
trum of iodine is very complicated, consisting of many overlapping bands, the 
individual lines of which appear crowded together to the extent of about 20 
lines to the Angstrom unit throughout the region from about 5000A to 
about 7700A; whereas the resonance spectrum excited by monochromatic 
light is very simple, consisting of a series of doublets of approximately con- 
stant doublet width and doublet separation, when expressed in frequencies. 
In addition to the Stokes members of the doublet series (i. e. doublets of 
greater wave-length than that of the exciting light), there have been observed 
by Wood,! Pringsheim? and the writer various anti-Stokes members, i.e. 
members of shorter wave-length than that of the exciting light. Wood and 
Pringsheim used for monochromatic excitation the green mercury line, and 
it was found by Loomis’ that none of the anti-Stoke’s members thus excited 
belonged to any of the doublet series formulated by Mecke from the work of 


1R. W. Wood, Phil. Mag. 26, 828-848 (1913); Phil. Mag. 35, 236-252 (1918); Researches 
in physical Optics, Part 2, 1919. R. W. Wood and M. Kimura, Phil. Mag. 35, 252-261 (1918). 

2 P. Pringsheim, Zeits. f. Physik. 7, 206-216 (1921); 8, 126-131 (1921). 

3 F, W. Loomis, Bulletin of the National Research Council, No. 57, Chap. VI, “Fluorescent 
Band Spectra,” Dec. 1926. 
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Wood and Pringsheim. More recently, however, Loomis‘ has shown that 
these anti-Stoke’s members, together with a few previously unassigned 
Stoke’s members, appear to form the skeleton of three other plausible series 
not formulated by Mecke. However, since these three new series of Loomis’ 
are too short and incomplete to allow accurate analysis to be made of them, 
and accurate deductions drawn as to the origin of anti-Stoke’s lines, it was 
the purpose of this work to find series of sufficient length and completeness 
containing both Stoke’s and anti-Stoke’s doublet members. 


EXPERIMENTAL METHOD 


The experimental method consisted in photographing the fluorescent 
light of iodine vapor when excited by various monochromatic radiations. 
The resonance tube consisted of a glass tube about 3 cm in diameter and 
about 50 cm long, one end of which was blown out as an optically clear bulb, 
care being taken to have no part of this bulb acting as a lens when the 
fluorescent light was observed end-on through this bulb. The other end of 
the tube was drawn off to a point and was then painted black on the outside 
so as to give a black background for observations. A side tube was added 
near the bulb so that the density of the iodine vapor could be controlled 
independently of the temperature of the larger resonating portion of the 
tube. This tube was then pumped to a high vacuum while being heated 
continuously in a Bunsen flame while the iodine crystals were stored away in 
the cool side tube attached to the resonance tube. After being sufficiently 
evacuated and baked, the resonance tube was sealed off from the vacuum 
system, whereupon the vapor from the iodine crystals in the side tube diffused 
throughout the tube. Since relatively high dispersion was necessary in order 
to resolve the fluorescence spectra and since the fluorescence light of iodine, 
even under the best circumstances, is relatively weak, though readily dis- 
cernible by the eye, it was desirable to select as a source of monochromatic 
excitation some source which could be run as long as desired without atten- 
tion. To fulfill this requirement the commercial mercury arc in glass was 
chosen and in order to obtain as intense an excitation as possible the reso- 
nance tube was surrounded closely by a battery of four of these mercury 
lamps. The lamps used were the Cooper-Hewitt vertical type with automatic 
starting band and auxiliary apparatus (i.e. the lamps are started without 
tilting as was necessary in the old type lamps). The glass lamp was chosen 
instead of the quartz one because the former operates at a lower temperature 
than the latter and hence emits the sharper lines. But the mercury arc 
contains three lines sufficiently strong to excite fluorescence, these three lines 
being the green one at 5462.23A, and the two yellow ones at 5771.2A 
and at 5792.3A (all wave-lengths reduced to vacuum). Since, then, three 
doublet series would be excited simultaneously by direct excitation with the 
mercury arc, it was desirable to filter out by a suitable absorption screen, the 
series not of current interest. To screen out the green light, which as will be 
seen later is not of current interest, without cutting out the yellow lines 


*F. W. Loomis, Phys. Rev. 29, 112-134 (1927). 
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also, the resonance tube was wrapped completely (with the exception of the 
bulb through which the resonance spectra was observed) in sheets of gelatin 
impiegnated with eosin. 

The complete set-up then consists of a battery of four Cooper-Hewitt 
20-inch glass lamps of the vertical type, mounted upon a permanent stand 
and placed at the corners of a square, at the center of which was placed 
vertically the resonance tube wrapped with the eosin-gelatin sheets, thereby 
receiving its excitation through its cylindrical wall. Just above the resonance 
tube and on its vertical axis, was a right-angled prism so placed as to reflect 
the fluorescence light from the resonance tube into a horizontal direction on 
to the slit of the spectrograph. Between this right angled prism and the slit 
was placed a lens in such a position as to focus the fluorescence light upon the 
slit. In order to minimize the amount of scattered mercury light trom the 
lamps reaching the slit, the prism and the bulb were kept clean and two black 
screens with circular apertures were placed, one over the upper ends of the 
mercury lamps, its aperture being over the resonance bulb, the other one 
vertically in front of the vertical face of the prism. The aperture in the 
latter screen was much the smaller of the two. The spectrograph had a 
dispersion of about 16.5A per mm of photographic plate, the plate being 5 
inches long. A comparison spectrum of the iron arc was put on each exposed 
plate. The density of the iodine vapor was regulated by keeping the end of 
the side arm of the resonance tube in a thermos bottle containing water at the 
desired temperature. 

The resonance spectra by excitation with the green mercury line has 
already been intensively investigated, the experimental work having been 
done by Wood, using both glass and quartz mercury arcs for excitation. All 
of the series excited by the broad green mercury line from the quartz arc 
operating at high voltages, as well as the series excited by the sharp line 
emitted by the relatively cold glass mercury arc have been formulated by 
Wood,' Mecke,’:* Kratzer and Sudholt’ and Loomis.’* It has been found that 
all of these series of Stokes members originally formulated by Mecke are 
characterized by having the same value for the vibration quantum numbers 
in the unexcited state (the common quantum number being probably zero) 
and that none of the anti-Stokes members fit into any of these formulated 
series of Stokes members. Loomis, more recently, has found fragments of 
three more plausible series to which the anti-Stoke’s members apparently 
belong. Since the green mercury line excitation has already been intensively 
investigated without showing with sufficient completeness series containing 
both Stokes and anti-Stokes lines, the writer then studied the excitation by 
the vellow mercury lines. 

A reproduction of the resonance spectra excited by the glass mercury arc 
with the green line screened from the exciting light by the eosin gelatin 
filter is shown in Fig. 1. Every line appearing on this plate was measured 

5 R. Mecke, Zeits. f. Physik 7, 33-35 (1921). 

*R. Mecke. Ann. d. Physik 71, 104-134 (1923). 

? Kratzer and Sudholt Zeits f. Physik 33, 144-152 (1925). 
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in Angstrom units and these were then reduced to wave-lengths in vacuum, 
then converted to frequencies (vo) in terms of the reciprocal of the wave- 


{| 
5462.2AD 5771.2 A 5792.3 A. 


Fig. 1. Resonance spectra excited by the glass mercury arc with the 
green line excluded by an eosin gelatin filter. 


length in vacuum in cm~! units. Mecke® has already formulated the main 
lines of the doublet series excited by the 5771.2 line as follows: 


vy =17327.4 —212.82p+0.592p?+ 0.0021 p' (1) 


where ? is the order of the doublet, specifying the line in coincidence with the 
exciting line at 17327.4 as the zero order (i.e. p=0) and Stokes members 
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Fig. 2. The frequency difference vp—v yy as a function of the order number p for the 
observed lines in the resonance spectra of iodine. 


being positive, anti-Stokes members being negative, and all orders being 
assigned integral numbers counting successively from p=0. From this 
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formula the values of vy were calculated for every order from p= —2 to 
p=+11 inclusive. The results are recorded in Table I, along with the 
difference between these observed vo’s and the calculated vy’s for the same 
order, from Mecke’s formula. With this table as a guide, every observed 
line was plotted as shown in Fig. 2, where the order is plotted as ordinate 
and the difference v»—vy is plotted as abscissa. By an inspection of the 
points as plotted in Fig. 2 it was found that every line observed could be 
assigned to one of four doublet series with the exception of two lines, one in 


TABLE I 
Values of ve (observed) and of vy (calculated from Mecke’s formula). 





Order (p) va (calc. from vo—vm \Order (p) vay (calc. from vo 
Mecke’s Form.) have ed) Mecke’s Form) beers ed) 








—2 17755.4 17689 — 66 +5 16278 .3 16279 
17682 —73 16265 
16224 
—1 17540. 17476 —65 16216 
17469 —72 16209 
17449 —92 
16073 
17327 16059 
17264 16031 
17257 16020 
17239 16014 
16007 

17115 


17100 —15 : 15830 
17054 —61 15809 
17042 —73 15805 
17031 — 84 15800 


16904 0 ‘ 15664 
16890 —14 15650 
16844 — 60 15615 
16837 —67 15608 


16704 +10 . 15462 
16694 0 15448 
16680 —14 15431 
16641 —$3 15414 
16636 —58 15408 
16629 —65 
16617 —77 0. 15216 


15210 
16501 +15 
16437 —48 ; 15018 
16425 —61 15012 
16416 —70 
16412 —74 











the 3rd order, the other in the 4th order, both on the high frequency side of 
vy, and these two lines appear to be main line fragments of another doublet 
series excited by 5771.2. From this it is seen that excitation with 5771.2 
gives rise to one series of doublets, the main lines of which conform quite 
accurately to Mecke’s formula, and that excitation with 5792.3 gives rise to 
three series of doublets, one of which, Series I appears to embrace two anti- 
Stokes doublet members, whereas another one, Series II appears to embrace 
one anti-Stokes doublet member. The remaining series is much less complete 
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than the other two, only four members being observed, none of these being 
anti-Stokes doublet members. It is worthy of mention that in no case was 
_ only one-half of a doublet observed except in the case of the zero order of 
5771.2, where, however, the companion line may be masked by the scattered 
light of the exciting line from the mercury lamps. Having thus assigned 
by the graphical method every line which appears to one of four doublet 


TABLE II 
Series of doublets excited by 5771.2. 














Order (p) Doublet Order (p) ny v Doublet 
Width (Av) Width (Av) 








771.2 17327 5 6142. 16279 14 
missing 6148. 16265 


5842. 


1711 221. 16073 14 
5847. 171 


6227. 16059 


5915. 16904 missing 
5920. 16890 
6384. 15664 14 
5990. 16694 6389. 15650 

5995 .1 16680 





6467 .: 15462 14 
missing ld ___—- 6473.1 15448 











series, these lines were then tabulated as in Tables II, III, IV and V, for 
comparison with the series of doublets previously reported by Wood to 
have been excited by the yellow mercury lines. These two series are repro- 


TABLE III 
Series I of doublets excited by 5792.3. 











Order (p) y Doublet Order (p) r Doublet 


Width (Av) Width (Av) 











—2 , 17689 7 Fe 16224 8 


a 


17682 neko 16216 


wi 17476 * 16020 
r 6244.6 16014 


; sia missing 
& 6404.2 fF 15615 
missing un. . '{ 6406.8 4, 15608 
pe oO & - i? me 
8 16844 9 © 6487.4 ~ 15414 
1 16837 “a. 6490.1 15408 


0 16636 10 
3 16629 


missing 11 








6661.5 15012 





duced in Tables VI and VII. Comparing Tables II and VI for excitation by 
5771.2, it is seen that the present work reports three lines not previously 
noted, and fails to show any line in the tenth order, whereas the main line 
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TABLE IV 


Series II of doublets excited by 5792.3. 








Order (p) v Doublet 


Width (Av) 





—1 17476 


17449 


27 
17264 
17239 


17054 
17031 


missing 


6009 .2 
6017.7 


16641 
16617 


| Order (p) 





TABLE V 


Order (p) ) y 


Doublet 
Width (Av) 


missing 
missing 
17054 
17042 
missing 
missing 
16425 
16416 


5863.5 
5867.7 


12 


6088 .3 
6091.7 


TABI 


Order (p) v 


17327.4 
missing 


5915.8 
$920.2 


16903. 
16889. 


5990 .0 
5995.1 


16694 .5 
16680 .3 


missing 


nN 


6083 .9 
6093.1 


6480.4 
6490.1 


Series III of doublets excited by 5792.3. 


v Doublet 
Width (Av) 
16436 24 
16412 


missing 


16031 
16007 


15830 
15805 


missing 


15431 
15408 





Order (p) nN 








E VI 


Doublet | Order (p) 
Width (Av) | 





6166.1 
6169.3 


6325.4 
6329.1 


Series of doublets excited by 5771.2 (Wood's values) 


y Doublet 
Width (Av) 


16218 
16209 


9 


missing 


15809 
15800 





nN 


6143.1 


303.5 


6467 .9 
6473.2 
6553.0 


Doublet 
Width (Av) 





16283 .¢ 
missing 


15864. 
missing 
missing 


15460. 
15448 .; 
15260. 





of the doublet in this order was previously reported and is 


missing 


found to be 


properly located in this series. Since no anti-Stokes members were found to 
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be excited in either case by 5771.2, this excitation is of no further interest 
here. Concerning the series excited by 5792.3 it is seen that series Number I 
most nearly corresponds to the series previously reported. This previously 
reported series, however, showed such lack of regularity that it was remarked 
at the time that though “the doublets are present in all order, the difference 


TABLE VII 
Series of doublets excited by 5792.3 (Wood's values). 





Order (p) v Doublet Order (p) r Doublet 
Width (Av) Width (Ar) 


—2 5658. 
5660. 


—1 5722. 
5723. 


5792. 
5797. 


5871. 
5873. 


5936. 
5938. 





17672. 5.3 - 16435 .7 10.8 
17666. ‘ 16424 .9 


nn 


17476. 3.4 , 16223 .5 5.8 
17472. : 16217.7 


Nee 


17264. a 16019.17 6.9 
17247. : 16012.8 


17032. : . 15808 .3 8.6 
17025. ; 15799 .7 


16844. , 15615 .2 6.6 
16838. 15608 .6 


16636. 
16629. 


6010. 
6013 .: 





wW oo oo ew Ow 








between their components vary in a very irregular manner from a minimum 
of 3.4 to a maximum of 16.8.” The present series, however, shows the Ist, 
4th, and 7th orders to be missing, those previously reported not belonging 
to this series but being doublets or fragments of the other two series which are 
here shown to be excited simultaneously. Furthermore, the 9th, 10th and 
11th orders of doublets are observed here, whereas no lines were previously 
reported in these orders. It will be noted that Series I includes two anti- 
Stokes doublet members, that Series II includes one anti-Stokes doublet 
member, and that Series III shows no anti-Stokes member. So it is of interest 
to determine by theoretical deductions the values of the vibration quantum 
numbers of the molecules in the unexcited state, which give rise to these 
three series, and to note how these deductions compare with the observed 
number of anti-Stokes members in each of these series. 


THEORETICAL DEDUCTIONS 


(a) Introductory. The band spectra have been long known to be emitted 
by the molecule and not by the atom. The energy in the molecule is due to 
three things, namely: (1) its electrons, (2) the vibration of its nuclei, and 
(3) the rotation of the entire molecule as a single unit. Letting E represent 
energy, and letting e, , and m represent the electronic, vibrational, and 
rotational quantum numbers respectively, it has been deduced by Kratzer 
that 


E=E.+E,+Em=E.+ hwon(1—xn)+h(B—an)m?, (1) 
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where x is a function of the binding of the nuclei and would be zero if the 
vibrations of the nuclei were harmonic; and a is a function of the deformation 
of the molecule as a whole due to its rotation and is very small relative to B 
which is defined as /82*J, where h and J are Planck’s constant and the 
moment of inertia of the molecule about its axis of rotation, respectively. 

It has been observed that for the series excited by the green mercury line, 
which have no anti-Stokes members, the main line of the doublet of zero 
order of each series coincides with some portion of the exciting line, which 
therefore shows that the final electronic state of the molecule for every series 
observed is the same as that of the unexcited molecule. Furthermore, in 
the case of the’series excited by the yellow mercury lines the same is true 
(the anti-Stokes members are accounted for by an initial vibrational energy 
other than zero). So hereafter use will be made of the fact that the electronic 
energy is the same in the final state after emission as in the unexcited 
molecule. The complicated absorption spectrum indicates that in the un- 
excited state molecules must exist - uving various values of vibrational and 
rotational energy, but when excited to fluorescence by strictly monochro- 
matic light, only those molecules can be excited which have definite values 
of e, nm and m of such magnitude that the absorption line due to these mole- 
cules is in coincidence with the exciting line. So every molecule in the un- 
excited state which later becomes excited by the monochromatic light has 
common values of e, m, and m, and since each of these molecules is excited 
by the same light, then each molecule will undergo a like change in e, m, and 
m in the process of excitation, and so every molecule in the excited state also 
will have the same values of e’, nm’ and m’. But on emission, the changes 
which take place are limited by the selection principle to m’—+m’+1 and 
m’—1. Further, because of the non-harmonic vibrations of the nuclei, ”’ can 
change to any lesser value of m down to and including n’’=0. (The (—), (’) 
and (’’) denote the unexcited, the excited and the final state in the emission 
of the molecule, respectively.) 

(b) Deductions. It has been shown by Kemble and Witmer that according 
to the modern quantum theory of band spectra 


im ;= + (d;/4Bo" +1) (2) 


where m; is-the rotational quantum number in the unexcited state of the 
molecule giving rise to the series denoted by 7. Byo’’ has been calculated by 
Loomis: to be very nearly 0.0373. The width of the doublet in cm~ units 
in the zero order of the 7 th series is represented by d;. To determine d; with 
the maximum accuracy, use is made of the previously found theoretical 
expression of Kratzer and Sudhott, Av;=d;—nip, where Av; is the doublet 
width in cm units in the pth order of the ith series, and d; and ; are 
empirically determined constants for any one series. So by measuring the 
width of each doublet as recorded in Tables III, IV and V and plotting these 
doublet widths against p, a straight line is drawn as determined by these 
plotted points (see Fig. 3) and the ordinate at p=0 where this straight line 
intersects it is noted, and is the most correct value for d; (see Table VIII, 
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TABLE VIII 
Values of constants for Series I, II and III. 


Series I II 
d;,(from Fig. 3) —6.8 —24.9 
m; (calc. by Eq. 2) 48 177 
(ve—vi) p (vy —vzz)9 f 
(vty —vrr1)7 
ee (ert — 1): 
Nk— ng nI—nITI 
4 ied 0 
NITI—NI 


1 


+ | 
Nee 
~I ie « 


re 
1.09 

—0.002 

—1.09 


(vy —v); 25 368 49 

(v7) 17290 17632 17313 

vy (from Table IX) 17284 17589 ‘ 17303 
17680 


(m, M2) of vy in 7) (2.7 (1.6) (1.9) 
(1.5) 
row 1). Since B,’’ is known and d; can be measured for each series, we are 
able to calculate m,; for each series of doublets (see Table VIII, row 2). 
In each of the series it is seen by Fig. 2 that the component line has a lesser 
frequency than the main line of the same doublet, i.e., that the separation 
of the component from the main line Av, is negative, which means according 
to the selection principle for band spectra that the excited absorption line 
lies on an R branch. The values for d; were obtained directly by the above 








fol 





aan 





2 > 8 9 10 1 


3 4 
Order, p 


Fig. 3. Doublet width Ar; of the series I, II, and IIT excited by 
5792.3 as a function of the order number Pp. 


method for the Series I and II, but since Series III consists of but four 
observable doublets which vary irregularly in width precautions were taken 
to draw the straight line through the four points for Series III as correctly 
as possible. In order to do this, use was made of the fact that By’’ =a’’(d;/n;), 
as deduced by Loomis, which means that since B,’’ and a’”’ are constants for 
iodine, that for every doublet series in the iodine spectrum (d;/7n;) will be 
a constant. So ny; was determined as well as d; for series I and II and the 
average values for (d;/n;) were thus found from these two series. Then know- 
ing the value that (d;/n;) should have for series III, d; was then measured 
to a first approximation for Series III by simply drawing in the straight line 
in the position denoted by the four plotted points. Having thus determined 
(d;/ni), and d; approximately for Series III, the approximate value of 7; 
for this series was then calculated from the former two quantities, and then 
a line drawn in Fig. 3, having the slope as fixed by n; and placed as accurately 
as possible relative to the four plotted points. The intersection of this revised 
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line with p=0 Was taken as d; for Series III. Table VIII gives in the first 
row the values of d; so determined, and in row 2 the values of 7; so deduced 
from Eq. (2). 

Furthermore, Loomis has calculated, making use of constants deduced 
by Mecke from absorption spectra of iodine, that the separation of the main 


lines in the pth order of two doublets series excited by the same narrow line, 
say the 7th and kth series is: 


(vi—vi) p= (€x—€:) + p[1. 192( i, — i;) +0. 0001 2(m,2 —m,2) | (3) 


where €, and €; are separations of the main lines of the zero order doublets 
of these two series from the corresponding line of some other series excited 
by the same line. Actually the difference (€; —€;) is so small compared to the 
separation of the higher ordered doublets that (€,—€;) may be neglected 
without noticeable error. Now (v,—vi)p may be measured directly from 
Fig. 2 for any order of p (preferably, of course, the highest order of common 
to both series). And m, and m,; have already been calculated for these series 
as recorded in Table VIII, row 2. Hence everything is known excepting 
fi, —#, which may then be calculated from Eq. (3). In Table VIII is recorded 
in row 3 the values of (vy;—v,;), and in the fourth row the values of #,—"; 
calculated from Eq. (3). It will be observed that within the limits of experi- 
mental error 4; —%;; =1, %77 —Ar77 =0, and fiz17 —%7 = —1. Now from Fig. 2, 
since Series | has two anti-Stokes members, it appears that this series is 
emitted by molecules having initially at least two quanta of vibrational 
energy, i.e., #;22, whence according to the above #);=%#,;;;22—121. 
Since inspection of Fig. 2 also shows that Series II has one anti-Stokes 
member, it indicates that the deduced value of #;;21 and the assumed value 
of 7,22 may, at least, be correct. The correctness of %;;;21 can not be 
checked by Fig. 2 because of the missing low ordered doublets of this series. 


TABLE IX 


Position of iodine absorption band heads (by Mecke). 
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18340. 
18320. 
18266. 
18239. 
18187. 
18155. 
18107. 
18070. 
18025. 
17982. 


17942.: 
17892. 
17857. 
17801. 
17769. 
17708. 
17679. 
17612. 
17589. 


=e 


17557. 


17515 .5* 
17495 .1 
17467 .7* 
17416.5* 
17399.7 
17377.1 
17315.7* 
17302.5 
17284.0 
17203 .5 
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* Values calculated from Equation (5); all other values are observed. 


These éstimates of #% are of course not absolute, all that is accomplished 
definitely is to calculate differences in the #’s between the three series under 
consideration. However, the following method has been devised by the 
writer to determine the absolute values of #, and not simply differences in 
their values. 
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To do this, use is made of the position of the heads of the absorption 
bands of iodine vapor as found experimentally by Mecke and of the values 
of the rotation quantum numbers in the unexcited state of the molecules 
associated with the heads of the bands as calculated by Loomis. A portion 
of Mecke’s table of absorption band heads is reproduced in Table IX. The 
first two columns give the values of m, and mz assigned by Mecke in the 
general formula for band heads: 


v(M1, M2) = vo-+ (ame-+bm2?+cns%) — (am +b'n:?-+c'm?) (4) 


which, for the particular case of iodine, according to Mecke, takes the 
definite form of: 


v(m, M2) = 18320.97 — 80. 66m2.—1.012n2?+ 0.003325 


— 213.762,+0.596n,2+0.0021n;3 (5) 
where the maximum value of 2 appears to be about 26, and m; ranges from 
0 to 9, both inclusive. From the behavior of the band heads under certain 
experimental variations, Mecke concluded that m, represents the initial state 
in absorption, i.e., is identical with # of the notation hitherto used in this 
paper. Furthermore, Loomis concludes that my: is identical with 26—n’. 
So, if we can assign each resonance spectrum series to the excitation of a 
line in a definite absorption band of Mecke’s, we have immediately the 
absolute values of ; or, what is the same thing, of #. 

The total energy of a molecule is: 


E=E,+hwon(1—xn)+h(By—an)m? : (6) 
so, by the quantum theory: 
y= (E’— E”)/h=(E—E,’)/h+ao'n'(1— x'n') + (By —a’n’)m” 


—w"'n''(1 — xn’) _ (Bo’ —al’n"’)m'” ; 


But what is here wanted is the difference in frequency of the absorption line 
coinciding with the exciting line, and the head of the band of which this 
excited line is a member. For the same band all of the terms in Eq. (6) 
excepting those involving m are constant. Loomis has calculated By’ and By”’ 
to be 0.023 and 0.0373, respectively, whereas Mecke has calculated a’ and 
a’ to be 0.00015 and 0.00012 respectively. And since n’ and n”’ will never be 
large, a’n’ and a’’n”’ will be neglected in these calculations since they will be 
small relatively to By’ and B,”’ if the magnitude of experimental errors be 
considered. 

It has been observed that all of the series excited by the yellow mercury 
line 5792.3 belong to the R branch. Hence from Eq. (6): 


(va—v)s= [Bo (in, +1)?— Bo" tin,?| — [Bo (Mi +1)?— Bom? | 
= Bo [(Mn;,+1)?— (s+1)?]— Bo” [min Z—m). 


My; as calculated by Loomis was found to be approximately 2 for every band 
calculated in the iodine absorption spectrum. So using Loomis’ values of 
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B,’ and By,” and vy and the values of m; herein calculated, the values of 
(vy —v); are calculated and recorded in Table VIII, row 5. But v is in every 
case 17264.4, so )y was so calculated and recorded in row 6. Referring to 
Table IX which is a portion of Mecke’s table of absorption band heads, it 
is seen that the band heads, having values of 1, here found possible, lying 
closest to the calculated heads, are as given in row 7, of Table VIII along 
with the values of 1, and m2 assigned to them by Mecke. Within the limits 
of experimental error the agreement between the calculated and the closest 
possible absorption band heads for each series is sufficiently close, though 
no band head could be definitely decided upon by this method alone as being 
the correct one. But, when it is recalled that the appearance of two anti- 
Stokes members in Series I and of one anti-Stokes member in Series II as 
shown in Fig. 2 makes it necessary that #;2=2 and that #;;21, it follows 
immediately that the band heads recorded in Table VIII, rows 7 and 8, are 
the only possible ones in Mecke’s table, because all other band heads of 
Mecke sufficiently close to the calculated heads have values of m; less than 
the values restricted by Fig. 2. 

A similar calculation has been made by the writer for the series excited by 
5462.23. In this case, using Loomis’ values again from Wood’s more accurate 
wave-length measurements than were possible with the spectrograph here 
used, it follows definitely that the band head involved is Mecke’s (0,0) which 
checks Loomis’ assumption based on the equality of m for every series excited 
by the broad green mercury line from the quartz arc at high voltages. 

The writer takes pleasure in acknowledging the valuable assistance in 
this work of Professor R. W. Wood, who gave much valuable time to the 
experimental work. 

Jouns Hopkins UNIVERsITY, 


BALTIMORE, MARYLAND, 
August 16, 1927. 
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TRIATOMIC HYDROGEN AS AN EMITTER OF THE 
SECONDARY SPECTRUM 


By CHARLEs J]. BRASEFIELD 


ABSTRACT 


It appears quite probable that some lines in the secondary spectrum of hydrogen 
may be emitted by an excited H’; molecule formed by the process H’;+H,—-H’;+H. 
Thus Richardson thinks that the question of the rival claims of H, and H; to his 
Ha, HB, Hy, bands is unsettled. Allen and Sandeman have found a band system 
which they definitely ascribe to H;. An attempt was made to verify these results 
by correlating the variation in the concentration of H;*+ ions and presumably of Hy 
excited molecules with the variation in intensity of the lines. 

Variation with pressure of the concentration of H;* ions in the positive column 
of a glow discharge.—The concentration of H;* ions in the positive column of a glow 
discharge is found to decrease rapidly with pressure and becomes negligible at 0.01 
mm. Reasons are given for believing that the recorded concentration of ions is even 
more truly representative of the conditions in a hydrogen discharge than the results 
given by the Lenard tubes of Smyth or of Hogness and Lunn. 

Effect of pressure on the relative intensities of the lines of the hydrogen secon- 
dary spectrum.—The relative concentration of H;* has no effect on the intensity 
of the lines of the secondary spectrum with the possible exception of some weak lines 
such as those of the Allen and Sandeman bands. Evidence is found from Lowe's 
curves which indicates that the Fulcher lines of Richardson's bands are emitted by the 
H, molecule. 


INTRODUCTION 


T IS now generally accepted that the secondary spectrum of hydrogen is 
emitted by a hydrogen molecule. There remains some doubt, however, 
as to whether the entire spectrum comes from the excitation of diatomic 
hydrogen or whether its emission may be connected, in part at least, with 
the formation of triatomic hydrogen. 
Numerous investigators have found evidence which leads them to suggest 
H; as a possible emitter of a line or a band in the secondary spectrum. From 
measurements of their half-width, Gehrcke and Lau' computed that the 
carrier of the lines 6326, 6121, 6031, 6018 could be either H, or H3. Richard- 
son in “Structure Part V”? suggested that the probable emitter of his Ha, 
HB, Hy, etc., bands was neutral He. However, the predominant strength of 
the Q branches pointed to an unsymmetrical source. Moreover, the moment 
of inertia of the normal molecule as calculated from the bands (4.36 X10" 
gm cm?) was somewhat larger than that of He as calculated from specific 
heat data. Thus he concluded that the question of the rival claims of Hz, 
and H; to the bands was unsettled. 
Very recently, Allen and Sandeman? have found a band system which they 
ascribe to the H; molecule, for the emitter of the bands has a very large mo- 
1 Gehrcke and Lau, Preuss. Akad. Wiss. Berlin, Ber. 32, 453-458 (1922). 


? Richardson, Proc. Roy. Soc. Al13, 368 (1926). 
* Allen and Sandeman, Proc. Roy. Soc. Al14, 293 (1927). 
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ment of inertia (18 X 10-*' gm cm?) which is close to that calculated by Allen 
for a static model of H; (19.33 10-* gm cm?). Further evidence is supplied 
by the faintness of the system, enhancement in the arc at high pressures, and 
the peculiar intensity distribution of the lines. 

Parallel to these spectroscopic observations we have the results of positive 
ray analysis which show that H;*+ may be produced in large quantities when 
hydrogen is ionized.*| The process involved, of course, is a secondary one, 
probably that represented by the equation 


He++H.-H;4+H 


Let us consider the implications of this result with regard to the emission 
of radiation. From it we cannot conclude that there is such a thing as a 
peutral H; molecule or even an excited H; molecule. However, if the H.*+ 
ion is energetically unstable so that it tends to combine with a neutral 
molecule to form an H;* ion, it seems quite possible that an excited He 
molecule, with an electron in an outer orbit, would also be energetically 
unstable so that it would tend to combine with a neutral molecule to form 
an excited H; molecule according to the equation 


H/+H.-H;'+H ° 


Of course, in order for such a reaction to be probable it is necessary that the 
life of the excited H2 molecules beat leastas long as the average time between 
collisions of hydrogen molecules. A simple application of kinetic theory 


data shows that the time between collisions of molecules in hydrogen at a 
pressure of 0.01 mm is about 7.6X10-* sec. This is probably longer than the 
life of the excited hydrogen molecule, so that it seems necessary to postulate 
either a metastable state in the hydrogen molecule or an abnormally large 
collision frequency for excited molecules. The first alternative seems very 
improbable for if such were the case, Smyth® and others would have found 
absorption of lines of the secondary spectrum in the visible region. The 
second alternative does not seem unreasonable, for the excited molecule is 
much larger than the neutral molecule and thus would be expected to collide 
more frequently than the neutral molecule. Such an abnormal collision 
frequency would shorten the time between collisions for excited molecules 
to about 1077 sec. which is of the right order of magnitude for the life of an 
excited molecule. Thus it is entirely possible that such a reaction as the one 
suggested could take place, especially at pressures higher than 0.01 mm. 
Then radiation arising from the excited H; molecule or from the recombina- 
tion of an electron with an H;* ion would be expected to show itself in the 
secondary hydrogn spectrum. 

In an endeavor to test these possibilities experimentally or at least to get a 
correlation between the intensities of various parts of the secondary spectrum 
and the concentrations of H.+ and H;*, simultaneous positive ray and 


‘ Dempster, Phil. Mag. 31, 438-443 (1916); Smyth, Pays. Rev. 25, 452-468 (1925); 
Hogness and Lunn, Phys. Rev. 26, 44-55 (1925). 
5 Private communication. 
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spectroscopic observations have been made on a discharge in hydrogen under 
various conditions. The apparatus and results are described below. 


APPARATUS AND PROCEDURE 


In the course of a preliminary investigation,® discharge tubes of various 
shapes and sizes were tried. The discharge tube finally adopted was shaped 
roughly like a magnified Geissler tube with a tungsten filament cathode 
and cylindrical nickel anode about 15 inches (38 cm) apart. The anode and 
cathode were surrounded by 3 inch (7.5 cm) tubing, while between them for 
about 6 inches (15 cm) was a constriction of 1 inch (2.5 cm) tubing. 

The device for analyzing positive ions was connected to the bottom of 
the discharge tube in the center of the constriction and is shown in Fig. 1. 


Discharge 
Tube 


Seale 
a oe ee 


ems. 


To electromeler 
































Fig. 1. Apparatus for analyzing positive ions. 


The electrode S; is kept at such a potential that positive ions from the body 
of the discharge are drawn toit. Entering the slit S; (0.2 mm wide) with some 
initial velocity, they are accelerated by the variable field V between S, and 
S2 (0.3 mm wide), then bent in a semicircle by the magnetic field, and reach 
the Faraday cylinder connected to a Compton electrometer. With constant 
conditions in the discharge tube and constant magnetic field, the ion current 
reaching the electrometer is observed as a function of the electric field V. 
The resultant curve then gives the relative concentrations of H,+, H2+ and 
H;*. It was necessary, of course, to surround the discharge tube by several 
layers of transformer iron so as to protect it from the magnetic field. 
Hydrogen was generated by electrolysis of a solution of barium hydroxide 
and stored over phosphorus pentoxide. To eliminate oxygen produced in the 
electrolysis, it was passed over platinized asbestos heated to 250°C, and then 


6 Smyth and Brasefield, Proc. Nat. Acad. Sci, 72, 443 (1926), 
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over phosphorus pentoxide to remove any water vapor formed in the re- 
action. Activated charcoal in liquid air was used for purification in pre- 
liminary experiments, but then it was found practically impossible to get 
rid of the comet tail bands of CO+, which appeared at low pressures. The 
platinized asbestos was found quite satisfactory, as the comet tail bands 
disappeared and the only other impurity seemed to be the line 4278 which 
is the head of one of the nitrogen bands. After purification, the hydrogen 
was stored in two large reservoirs from which it was admitted to the discharge 
tube through a capillary leak and liquid air trap. A continuous stream of 
hydrogen was thus provided, the hydrogen being pumped out through the 
slit S). 
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Fig. 2. Variation of the concentration of H;*+, H:+ and H* ions with pressure. 
g p 


RESULTS 


Variations of the relative concentrations of H;+, He+ and Ht ions with 
pressure were obtained as shown in Fig. 2. Here the potential across the 
tube was 1000 volts and the current through it 100 milliamperes. The 
pressures were measured in mms of Hg by a McLeod gauge and the ionic 
currents in arbitrary units using a Compton electrometer with shunt. At 
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the time these curves were taken, the interest lay in the lower part of the 
curves so that the exact form of the curves above the horizontal line at 30 
is not known (these readings were off scale). However, a rough idea of the 
shape was obtained by a method of extrapolation and is indicated by the 
dotted line. The general decrease in the concentration of H;+ and H+ above 
0.03 mm is probably due to scattering in the positive ray box. 

It is of interest to compare these curves with analogous curves obtained 
by Smyth and by Hogness and Lunn from their study of the products of 
ionization of hydrogen. The most noticeable difference is in the shape of the 
H;+ curve which reaches a maximum and then drops sharply to the pressure 
axis around 0.01 mm (at 0.01 mm the H;+ peak had become so small as to 
be blended with and not distinguishable from the H.+ peak). The H;+ 
curves of Smyth and of Hogness and Lunn point straight at the origin. 
However, when it is remembered that the H3+ ion is a secondary product, 
it is evident that the number of H;* ions recorded will depend greatly on the 
distance traversed by the H-+ ion inthe gas. At first sight, it might appear 
that this distance would be larger in the present apparatus than in those 
of Smyth and of Hogness and Lunn. But if all the ions recorded are produced 
within, or very near to the positive ion sheath surrounding S;, then it is 
evident that the H.* ion will only have to traverse a distance of the order 
of 1 mm,’ as compared with a distance of about 1 cm in the other experi- 
ments. So that any secondary effect would be expected to disappear at a 
pressure much greater than in the case of Smyth or of Hogness and Lunn, 
which agrees fairly well with the observed facts. 

It is felt that these curves, at least between 0.01 and 0.03 mm give an 
accurate representation of the relative concentration of the different kinds 
of ions in a hydrogen discharge. 

SPECTROSCOPIC OBSERVATIONS 

Photographs of the discharge were taken on Ilford Rapid Process Pan- 
chromatic plates using a constant deviation spectrograph, the slit of which 
was directed at the region of the discharge immediately above the electrode 
S;. First, two photographs were obtained of the spectrum, one at 0.01 mm 
for a six hour exposure and one at 0.20 mm for ten minutes exposure, the 
potential drop and current through the tube being 1000 volts and 100 milli- 
amperes in each case. In the first case, however, the ratio H;+ to H2*+ was 
negligible while in the second case it was very large. Although the general 
intensity of the secondary spectrum was the same in the two cases, there was 
a marked change in the intensity of some lines. Professor K. T. Compton 
suggested that this might possibly be due to a difference in electron energy, 
for Hughes and Lowe’ had shown what a marked effect the electron velocity 
has on the intensity of the lines of the secondary spectrum. With S; as an 


7 The thickness of the positive ion sheath surrounding S, was calculated from the equation 
i d?= (4X 1078) V*/? where d is the thickness of positive ion sheath in cm; V the voltage drop 
across positive ion sheath; 7 the positive ion current density at the electrode S;. The results 
showed that d=2.5 and 1.5 mm at pressures of 0.01 mm and 0.015 mm respectively. 

8’ Hughes and Lowe, Phys. Rev. 21, 297 (1923). 
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exploring electrode, measurements were made of the mean electron velocity 
in the two cases. It was found that for a pressure of 0.20 mm the mean 
electron velocity was about 10 volts while at 0.01 mm pressure the mean 
electron velocity was nearly 30 volts. 

However, at a pressure of 0.015 mm the electron velocity was found to 
be about 25 volts although the number of H;* ions was still five times as 
large as at 0.01 mm. It was thought that under such conditions the effect 
of different electron velocities should be small compared to any increase in 
intensity that might be ascribed to an increase in concentration of Hs. 
Therefore, a photograph was taken at 0.015 mm, an exposure time of one 
and forty minutes being sufficient to give a plate on which the majority 
of lines were approximately equal in intensity to corresponding lines on the 
six hour exposure plate at 0.01 mm. 

Microphotometric records were then made of the two plates. When the 
records were compared it was found that in general the lines on the high 
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Fig. 3. Lowe’s curves of the variation of intensity with pressure of a few secondary lines. 
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pressure plate were slightly weaker than the corresponding lines on the low 
pressure plate, except in a few cases. There was evidently a marked en- 
hancement of the Fulcher lines in the red and blue on the high pressure 
plate. Hence these lines were first provisionally ascribed to H3. The great 
difficulty, however, was that the Fulcher lines in the green, which according 
to Richardson’s classification are intimately connected with those in the 
red and blue, were not enhanced at all on the high pressure plate 

At this time the writer’s attention was directed to a very admirable paper 
by Lowe? in which he has shown the variation of intensity with pressure of 
the Balmer lines together with a few secondary lines over a great range in 
electron velocity. Fig. 3 is from his Figs. 1 and 3 and shows his results at 
25 and 75 volts for Ha, for 46122 and for \4634. Now \6122 is a red Fulcher 
line and may be considered typical of that group, in fact, of all the Fulcher 


* Lowe, Trans. Roy. Soc. Canada 20, 217 (1926): 
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lines. Similarly \4634 is a secondary line not of the Fulcher group but typical 
of those lines which were of approximately equal intensity in the two photo- 
graphs discussed above. We are able, therefore, to reconsider the micro- 
photometric records in the light of Lowe’s results. Omitting the details of 
the comparison the conclusion may be stated that the changes in intensity 
of the Fulcher lines are partially accounted for by the change of electron 
velocity from 25 to 30 volts and certainly not to be correlated with the five- 
fold change in the concentration of H;+ which is definitely a pressure effect. 

At first sight it appears that further evidence as to the origin of the lines 
may be adduced from the shape of Lowe’s curves. The intensity versus 
pressure curves for lines emitted by H:2 should go through the origin while 
curves for lines from secondary sources such as H or H; should cut the axis of 
pressure analogously to the H+ and Hs* curves of Fig. 2. The curve for Ha 
cuts the axis at low voltages and passes through the origin at high voltages and 
is thus consistent with the belief that excited atomic hydrogen is chiefly due 
to a secondary effect at low electron speeds and to primary effect at high 
speeds. However, the curves in Fig. 3 for 44634 and \6122 are quite different 
from each other although we have no other reason to suppose that (4634 
is from a secondary source. The most that can be said with certainty is 
that the curve for \6122 (and the other Fulcher lines) is consistent with the 
idea that they come from He. As to 44634, if it is from a secondary source, 
the positive ray analysis nevertheless shows that its emission is not connected 
with the formation of H;*. 

There remain to be considered the lines of Allen and Sandeman. Un- 
fortunately most of them are weak and close to other lines so that the 
microphotometric records give no satisfactory evidence about them. Such 
of them as were studied by Lowe give intensity vs. pressure curves of shape 
varying with voltage but suggesting that these lines may actually be of 
secondary origin. 

Our final conclusion, therefore, is that the relative concentration of H3* 
has no effect on the intensity of the lines of the secondary spectrum with 
the possible exception of some weak lines such as those of the Allen and 
Sandeman bands. 

The writer wishes to thank Professor H. D. Smyth for suggesting the 
problem and aiding in its development, and Professor K. T. Compton for 
advise and encouragement during the course of the work. He is also greatly 
indebted to Dr. Percy Lowe of the Royal Military College, Kingston, 
Ontario, for much valuable information. 

PALMER PuysICAL LABORATORY, 


PRINCETON UNIVERSITY, 
September 24, 1927. 
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ON THE INTERACTION BETWEEN RADIATION 
AND ELECTRONS 


By ArtHur H. Compton 


ABSTRACT 

In the production of recoil electrons we have an example of the action of radiation 
on free electrons, whereas the photoelectric effect with x-rays is an example of the 
action of radiation on a pair of positive and negative charges. In both effects experi- 
ment indicates that the whole momentum absorbed from the radiation is imparted 
to the electron that is set in motion by the radiation, showing that the duration of 
the action of the radiation is short compared with the natural period of the electron 
in the atom. It is assumed that the action is sensibly instantaneous. In contrast 
with the prediction of Lorentz’s force equation, which would predict an impulse 
imparted to an isolated electron almost in the direction of the electric vector, the 
experiments show that the preferred direction of motion of the recoil electrons is 
perpendicular to the electric vector. An impulse on a free electron in the direction 
of the electric vector would not be consistent with the conservation of momentum. 
The photo-electrons on the other hand have the electric vector of the incident wave 
as their preferred direction of motion (neglecting radiation pressure), though the 
experiments show that the impulse imparted to the electron by the radiation may 
make a considerable angle with the electric vector. In this case the conservation of 
linear momentum permits motion in any direction, since equal and opposite impulses 
are applied to the positive and negative parts of the atom by the electric vector; but the 
conservation of the angular momentum of the system requires that the impulse shall 
be imparted in a direction determined by the instantaneous position of the electron 
in the atom. The experiments of Auger and Bubb are consistent with this require- 
ment, but indicate that Lorentz’s force equation is only statistically valid in defining 
the direction of the action of the electric vector on the photo-electron. 


E MAY distinguish between the actions of radiation upon electrons 

in which the electrons are ejected from the matter traversed and 
those in which the electrons affected remain in the matter. In the first 
group are the photoelectric effect and the production of recoil electrons, or as 
we may call it, the recoil effect. The motions of these electrons after leaving 
the matter may be studied, and the information which such a study affords 
regarding the mode of action of the radiation is the chief subject of this 
paper. Included in the second group of actions is the production of excited 
atoms by the absorption of radiation, an action which is doubtless similar in 
character to the photoelectric effect, and such phenomena as the exciting of 
high frequency currents in conductors by electric waves, and the polarization 
of dielectric media when traversed by electric waves. It is not possible in 
phenomena of the latter type to observe the motions of the individual 
electrons, but our large scale measurements are consistent with the view 
that each electron in the medium is subject to the force per unit charge 


F=E+[vH]/c, (1) 
given by Lorentz’s force equation. 
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The number of recoil and photo-electrons. The experiments indicate that 
when x-rays traverse different elements, the number of recoil electrons ejected 
is proportional to the number of electrons traversed by the rays,' except 
that for soft x-rays a correction must be applied for the electrons which are 
bound to tightly in the atom to be ejected by the recoil process.?. This pro- 
portionality suggests strongly that the action is one in which the radiation 
and the electrons only are concerned, the positive part of the atom playing 
no essential part. That is, the recoil effect seems to be the action of radiation 
on electrons which are effectively free. 

In support of this suggestion we may point out: 1. The recoil electrons 
have been identified with those which scatter x-rays,* and according to the 
classical electron theory the scattering process is one in which we can con- 
sider the electrons alone, without taking into account the positive part of the 
atom. 2. It is found that the energy and momentum of the system photon 
plus electron are conserved, within a rather small experimental error,‘ 
without -taking into account any action on the positive part of the atom. 

The photoelectric action of x-rays is, however, apparently an action 
between radiation and a pair of associated positive and negative charges. 
Experiments such as those of de Broglie with the magnetic spectrograph® 
show that the large majority of the photo-electrons ejected by x-rays come 
from the K energy level of the atom, supporting the view that it is these 
photo-electrons which have received the energy “truly absorbed” from the 
x-ray beam. Owen’s observation® that the true absorption of x-rays per atom 
is proportional to the fourth power of the atomic number, and Moore's 
observation’ that the number of photo-electrons is likewise proportional to 
its fourth power, when interpreted in terms of Moseley’s law, means that the 
probability that a photo-electron ejected from the K shell of an atom 
traversed by x-rays is approximately proportional to the square of the energy 
required to remove a K electron from the atom. That is to say, the photo- 
electric effect becomes a very improbable event for loosely bound electrons, 
and for free electrons should not occur at all. 

This conclusion is confirmed by the fact that if a free electron takes all 
the energy of the photon which it absorbs it must acquire more momentum 
than that possessed by the photon, so that the energy and momentum of the 
system photon plus electron cannot both be conserved in the photoelectric 
process.* The motion of the atomic core must also be considered to make 
conservation possible. 


1 A. H. Compton and A. W. Simon, Phys. Rev. 25, 306 (1925). 

2 J. M. Nuttall and E. J. Williams, Manchester Memoirs 70, 1 (1926). 

3C. T. R. Wilson, Proc. Roy. Soc. A104, 1 (1923); A. H. Compton and J. C. Hubbard, 
Phys. Rev. 23, 439 (1924). 

‘A. H. Compton and A. W. Simon, Phys. Rev. 26, 289 (1925). 

5 M. de Broglie, Jour. de physique 2, 265 (1921). 

6 E. A. Owen, Proc. Roy. Soc. A94, 522 (1918). 

7H. Moore, Proc. Roy. Soc. A91, 337 (1915). 

8 Cf. the writer’s “X-Rays and Electrons,” p. 265, note 1. 
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Short duration of the recoil and photoelectric actions. Statistical studies 
of the motion of recoil and photo-electrons by the cloud expansion method 
have indicated that in both cases the forward momentum of the electron 
is on the average approximately equal to the momentum of the incident 
quantum.* The predominant motion of the recoil electrons is forward, though 
the experiments support the theory in showing a transverse component result- 
ing from the deflection of the motion of the scattered photon.' For the 
photo-electrons the predominant motion is transverse, though, on the 
average, with a forward component which is stronger for the shorter wave- 
lengths as is indicated in the three curves of figure 1, representing data due 
to Auger.® 











x “\__.y x 





Fig. 1. Longitudinal distribution of photo-electrons for x-rays of three different wave- 
lengths, according to Auger. A photo-electron ejected at the angle @ has a forward momentum 
equal to that of the incident photon. 


If the experimental result is correct that the recoil and photo-electrons 
retain all the forward impulse imparted by the photon, it means that the 
impulse has been imparted in a time short compared with the natural period 
of the electron in its parent atom. For if the duration were longer than this, 
most of the impulse would be transferred from the electron to the more 
massive parent atom. This means that the duration of the impulse due to 
the photon is also short compared with the period of the associated wave. 
Thus the action of the radiation on the electron cannot be an oscillatory one 
with the frequency of the wave associated with the photon. The experi- 
ments are on the other hand consistent with the view that both the recoil 
and the photo-electrons are ejected by sensibly instantaneous impulses from 


* P. Auger, J. de phys. et rad. 6, 205 (1925). 

10 F, Kirchner, Ann. d. Physik. 81, 1113 (1926). 

* Since this was written, experiments by Loughridge (Phys. Rev. 30, 1927) have beer 
published which skow a forward component to the photo-electrons’ motion which seems to be 
greater than that predicted by equation (2). Williams, in experiments as yet unpublished, finds 
that the forward component is almost twice as great as that predicted by this theory. These 
results indicate that the mechanism of interaction between the photon and the atom must be 
more complex than that here postulated. The fact that the forward momentum is found to be 
of the same order of magnitude as that of the incident photon, however, suggests that the 
momentum of the photon is acquired by the photo-electron, while an additional forward impulse 
is imparted by the atom. Thus these more recent experiments also support the view that the 
photo-electron acquires both the energy and the momentum of the photon. 
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the photons. It isin fact difficult to imagine any other type of action which 
would not impart to the positive core of the atom some of the forward 
momentum of the photon. 

Direction of the impulse imparted to recoil electrons. We have noticed that 
the predominant motion of the recoil electrons is forward, that is, perpendicu- 
lar to the electric vector of the incident wave. Recent experiments by 
Kirchner!® have shown that even the transverse component of the motion 
of the recoil electrons is on the average greater in the direction of the magnetic 
than in that of the electric vector of the incident wave: These results are 
precisely what we should expect from an application of energy and momen- 
tum conservation to the system photon plus electron, if the distribution of 
the scattered photons is to be in approximate accord with Thomson’s classi- 
cal theory of the distribution of the scattered x-rays. Such a motion of the 
electrons is however in striking contrast with that predicted by Lorentz’s 
force equation (1). Since the speed of these electrons is at all times small 
compared with that of light, this equation predicts a motion of the electron 
almost parallel (or anti-parallel) with the electric vector of the x-ray wave, 
that is, in a direction perpendicular to the preferred motion of the recoil 
electrons as shown by the experiments. 

Our attention is thus forcibly called to the fact that if the field of an 
electromagnetic wave acts on a free electron in the manner indicated by 
Lorentz’s equation, the momentum of the system radiation plus electron is 
not in general conserved in the process. For if the Poynting vector expresses 
the momentum of the radiation, we find that this momentum is wholly in 
the direction of propagation of the electromagnetic wave, whereas the impulse 
imparted to an electron by the electric vector is according to equation (1) 
perpendicular to the direction of propagation. This means that the electron 
acquires a transverse momentum which is not balanced by any transverse 
momentum lost by the radiation. Thus if the momentum is to be conserved, 
this equation cannot represent the action of radiation on a free electron. 

An experimental test of this point is not easy. In experiments with steady 
or slowly changing electric and magnetic fields, the applied fields are due to 
the presence of electrically charged or magnetized bodies, which receive the 
reaction from the force applied to any charge in the field. It is only with 
radiation fields that the test can be made, since only in this case can the 
electromagnetic field be considered separate from the charges which give rise 
to the field. Apparently the only example of the action of radiation on isolated 
electrons that has been studied experimentally is the production of recoil 
electrons when x-rays are scattered. In this case, as we have seen, the 
impulse imparted to the electron by the radiation is in the direction required 
by the conservation of momentum, which is almost perpendicular to that 
suggested by the classical force equation. 

Direction of the impulse imparted to photo-electrons. When a radiation 
field acts upon a pair of positive and negative charges, there is no difficulty 
with the conservation of linear momentum, for the impulses imparted by the 
electric vector of the radiation to the positive and negative charges will 
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presumably be equal and opposite. From the standpoint of momentum con- 
servation, therefore, it would not be surprising if the greater part of the 
momentum of the photo-electron were transverse, as suggested by equation 
(1). We must consider also, however, the conservation of angular momentum. 

If the photon acts instantaneously upon a photo-electron, as the experi- 
ments suggest, in order that it may impart to the atom all of its energy and 
at the same time its linear and angular momentum, there is only one definite 
direction in which the impulse may act. If the angular momentum of the 
photon is zero, it must not impart any angular momentum to the atom. 
That is, neglecting the effect of radiation pressure, the impulse imparted to 
the electron must be along the line joining the electron and the atomic core. 
If the photon possesses angular momentum, as may be the case with circularly 
polarized light, the impulse must be in the direction necessary to give this 
angular momentum to the dissociated atom and electron. 

There is thus a single line in the atom on which an electron can lie where 
the photon can impart to it a photoelectric impulse along the electric vector 
of the associated wave, and still conserve the angular momentum of the 


H 


Fig. 2. Lateral distribution of photo-electrons for incompletely 
polarized x-rays, according to Bubb. 


system. If we were to suppose that the impulse must be exactly in the direc- 
tion of the electric vector, this would mean that if the electron were in any 
other position in the atom, the photon could not act upon it photoelectrically. 
A more plausible assumption would seem to be that the photon may act on 
the electron in any position in the atom, with an impulse in the direction 
demanded by the conservation of angular momentum, but that the proba- 
bility that suchaction shall occur is greater the nearer its direction approaches 
the electric vector. This assumption would be consistent with the conserva- 
tion of angular momentum for each individual event, and would be statisti- 
cally in accord with the force equation. 

The experimental evidence is in complete accord with the latter assump- 
tion. It is found that the impulse imparted to the photo-electrons is not 
always in the same direction, but may occur in a wide variety of directions. 
This is illustrated by Auger’s experiments shown in figure 1. Except for the 
angle 6, which as we have seen is due to the radiation pressure or momentum 
of the photon, the most probable direction of emission is that of the electric 


 F, W. Bubb, Phys. Rev. 23, 137 (1924). 
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vector; but many photo-electrons are also observed at other angles. The 
experiments of Bubb,'' summarized in Fig. 2, show in a similar manner how 
the directions of ejection are distributed when polarized x-rays are used. 
We see here clearly that though the probability is greatest for ejection in the 
plane of the electric vector, some electrons are ejected at all possible angles. 
In these experiments the polarization of the x-rays was not complete. A 
correction for the unpolarized x-rays reduces the probability of emission per- 
pendicular to the electric vector approximately to zero. Even with this 
correction, however, photo-electrons are observed at all other angles. Both 
this experiment of Bubb and that of Auger have been confirmed by a number 
of different investigators.” - 

Attempts have been made" to account for the variation in the direction 
of emission of the photo-electrons as due to the initial motions of the electrons 
in their orbits; but these have failed to account for the fact that the proba- 
bility of emission in the different directions is practically the same for all 
atoms from which the electrons come, whereas the initial motions of the 
electrons may differ widely for electrons in the different atoms. There does 
not seem to be any way of accounting for this wide distribution of the 
directions of emission other than to suppose that the impulse applied to the 
electron by the radiation is variable in direction.'* That is, the impulse is not 
necessarily in the direction of the electric vector; this (neglecting the effect 
of radiation pressure) is only the most probable direction for the impulse to 
act. 

In the treatment of photoelectric emission from the standpoint of wave 
mechanics, Wentzel’ has concluded that the probability of photoelectric 
ejection at an angle a with the electric vector (neglecting radiation pressure) 
is proportional to cos? a. This is precisely the result to which Auger and Per- 
rin'® had been led empirically in order to account for Auger’s experiments 
such as those shown in Fig. 1. The distribution of the directions of emission 
of the photo-electrons is thus of exactly the type which we should expect 
from considerations of conservation of angular momentum. 

In the case of the photo-electric effect with visible or ultra-violet light, 
the magnitude of the work function required to remove the photo-electrons 
from the metal suggests that we may be dealing with “conductivity” electrons 
associated with the whole mass of metal. If this is the case, there should be 
no difficulty with the conservation of the angular momentum of the system, 
and we might expect the photo-electrons to be ejected almost exactly in the 
direction of the electric vector. An experimental test of this point in the 
case of the selective photoelectric effect would be of great interest. 


2 W. Bothe. Zeits. f. Physik. 26, 59 (1924); D. H. Loughridge, Phys. Rev. 26, 697 (1925); 
F. Kirchner, Zeits. f. Physik. 27, 385 (1926). 

13 F, W. Bubb, Phil. Mag. 49, 824 (1925); W. Bothe, Zeits. f. Physik. 26, 74 (1924). 

4 For a more detailed discussion of this point, see the writer’s “X-Rays and Electrons,” 
p. 25 (1926). 
1% G. Wentzel, Zeits. f. Physik. 40, 574 (1926). 
1 P. Auger and F. Perrin, C. R. 180, 1742 (1925). 
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Both in the case of the action of x-rays on isolated electrons (recoil effect) 
and that of their action on a pair of positive and negative charges (photo- 
electric effect) we find evidence of radiation pressure, which means a force of 
the type indicated by the second term of Lorentz’s force equation. We find, 
however, that for isolated electrons there is no evidence that there exists any 
force associated with the electric field of the x-ray wave. At least the favored 
direction of recoil is at right angles with the electric field. For an electron 
associated with a positively charged atom, the first term of equation (1) 
may be taken to represent the most probable direction in which the electric 
field will act on the electron. The direction of the photoelectric action in 
each individual case is however apparently determined by the requirements 
of the conservation of the angular momentum of the system. 

UNIVERSITY OF CHICAGO, 

October 5, 1927. 
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THREE NOTES ON THE QUANTUM THEORY OF 
APERIODIC EFFECTS 


By J. R. OPPENHEIMER* 


ABSTRACT 

In Section 1 it is shown that the normalization of the characteristic functions 
corresponding to a continuous spectrum, which has been introduced by Hellinger 
and Weyl, satisfies the requirements of the 5-normalization of the Dirac-Jordan 
transformation theory. It is further shown that this normalization makes the flux 
to and from infinity of systems for which an integral of motion @ lies in the little 
range A§’ equal to 

(0E/hd8") AB’. 

In Section 2 the condition for the validity of classical mechanics in the form grad 
A < <1, where ) is the instantaneous wave length \ = (4/27)[2M(E— U)}~?, is applied 
to establish Rutherford’s formula for the scattering of a-particles. 

In Section 3 a method is developed for computing the transition probabilities 
between states of the same energy, and which are represented by almost orthogonal 
eigenfunctions. The theory is applied to the ionization of hydrogen atoms in a 
constant electric field. The period of ionization in a field of 1 velt per cm is 10'° 
sec. The bearing of such transitions on the problem of metallic conduction is dis- 
cussed. 


HE normalization of continuous spectra has been formulated mathemati- 

cally by Hellinger and Weyl; and it has been shown that this may be 
applied to a large class of quantum-mechanical problems without in- 
consistency.' The problem can, however, be treated a good deal more simply 
and generally. It may be formulated as follows: The 6-normalization 
required by the Dirac-Jordan transformation theory? 


f { a’ / 6’ } de’ {p’/ a’ = 5(a’ —a’’) (1a) 
B 


f {B’/ a’} da’ {a’/ B’’} =5(8’—B”) (1b) 


; Sil nid 1 if @’ lies in Aa’ 
f da” { {a’/s \ dp’ {p’/a’’} = (2a) 
Aa’ B 0 otherwise 
1 if 6’ lies in AB”’ 
f dp” f {B’/c' | da’ { a’ /p’"} — (2b) 
as’ A 


0 otherwise 


* National Research Fellow. 

1 See J. R. Oppenheimer, Zeits. f. Physik 41, 268 (1927); the method of this paper is an 
extension of that outlined in the footnote on page 270. The necessary references are given 
in this paper. 

2 A is the range of characteristic values of a, etc. {a’/p’} is the transformation function 
from @ to 8, with arguments a’ and g’. Cf. P. A. M. Dirac. Proc. Roy Soc. A113, 621 (1927) 
who uses (a’/8’). : 
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Now the integrals in (1) and the inner integrals in (2) do not converge, 
so that the normalization in its present form is meaningless. We obtain 
Weyl’s normalization if we interchange the order of integration in (2a), (2b); 
and the transformation functions so normalized have all the required 
properties. In particular the probabilities computed from them are invariant 
under a point-transformation of the form 6,’ =f(6’); a,’ =g(a’), ie , changes 
of scale.’ 

The physical interpretation of (1) is analogous to that of the normaliza- 
tion of point spectra: the probability that the system has simultaneously 
the values 8’, 8B” is zero if B’*8"’; the total probability that it has a B near 
8’ is unity. But in aperiodic phenomena, like the photoelectric effect, or a 
collision problem, what one observes is not the total number of particles 
somewhere in the infinite configuration space which satisfy a given con- 
dition, but their flux to or from infinity: the number of particles entering 
or leaving the system from “infinity” per unit time. That, when a or 8, 
say B, is a constant of integration,‘ such an interpretation of (1) must be 
possible, is suggested by the following argument: Consider a system initially 
in a discrete state, and subject to a perturbation which dissociates it. If 
one uses the characteristic functions normalized by (2) one can find the 
probability of a system leaving the discrete state per unit time for a given 
range Af’; this must also be equal to the number going to infinity per unit 
time in the same range, so that the normalization (2) may be regarded as 
determining the flux to infinity for the state 6’. For a special kind of charac- 
teristic function this was verified in the previous paper, but it can, of course, 
be established quite generally. In this paper we shall show (a) that Weyl’s 
form of (2) enables one to obtain the continuous matrices one needs, e.g., 
for the perturbation theory; and (b) that it makes the flux to and the flux 
from infinity in a range Af’ equal to (1/h)(@E/0B’)AG’, in accordance with 
the requirements of quantum statistics. The method provides an analytical 
rule for the normalization which is considerably simpler than Weyl’s. 

The Weyl-Hellinger form for (2b) is 


“_ J A,0(6’)da’A,0+ (3””) = 128’ (26') 
A 
where 


A,0t (8) = f dB’ | a’ /B’} 
4,8’ 


4,8"’ 


and where ,A.$’ is the common part of A,6’ and A.8’’. From this follows 
(a) that VN =0 if 4,8’ and A,B” do not overlap, and (b) that 


* The proof that the normalized transformation functions have this property is given 
by P. Jordan, Zeits. f. Physik 41. 797 (1927). 
‘ The normalization (2), (3) is, of course, applicable even when this is not the case. 
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N/Ap’ =1 (2b’’) 


for A, 8’ =A.8"’ =Ap’. 
This last form (2b’’): 


f { a’ /B’} da’ AOt (8’)=1 (when #’ lies in Ap’) (3) 
A 


is just the condition that the matrix components of a function F(a’), which 
are defined by 


F(a’) {a’/p’} = f F(B'8”")d®t (8”") (3a) 
B 
may be given by 


F(g’B’’) ~ f { a’ /B’ | da’ F(a’) {B’’/a’} : 


A 


For (3a) yields 


f {p’""/ a’ } da'F(a’) { a’/ p’} - f {p’"/ a’ } da’ f Fes)a0' (8’’) 


= F(g’p"”’) by (3) . 


On the other hand we may derive this result, and thus (3), by a limiting 
process. If we take the domain A of a bounded (—aSa’< +a), and make 
{a/B’} = { —a/B’}, the characteristic values of 8 become discrete: 


(3c) 


B 
F(a’) {a’/ B’} = DOF (8'B"’)o(8") {B"/ a’} (3d) 
rz 


o(6’) = J {a’/ B’} da’ {B"/ a} (3e) 


whence 


+a +a B 
{B’”"/a' | da’ F(a’) { a’/p’} = f { B’""/a! } da’ LFB'8")0(8") {B’/a’} , (3f) 


Now the F(6’8’’) defined by (3d) is always given by (3b). But if we write 
A@(8’) =0(8’) {a’/B’} and make a— we get from (3d), (3e) and (3f) just 
(3) and (3a) while (3b) remains true. 
We may apply (3)-—(3b) to find the transition probabilities induced in 
a system with continuous spectrum by an arbitrary perturbation. Let the 
system have initially the energy E,=hv) and the wave function {E)/a’}, 
and let the perturbation 
+2 
V(a’t) = Vi(a’)e?***dy (4a) 


—o 
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set in at time 7». The perturbed wave function after a time T is then, to 
a first approximation® 


+” ° T 
{ Eo / a’ } e*ivot— (2mi/h) f dy f dp’ | dtV,(En8’){B'/ a’ Jere, (48) 
—2 B To 


with y=(f’)—v. 


From this we find, in the usual manner, for the probability that the system 
is in the range Af’ at the time T 


400 T 2 
(49?/h?) f da’ J dv | dB’V,(E,8’){p’/ a’} aterrvo-ne| (4) 


2 Ap’ To 
By (3) this becomes 


2 


+2 T 
(402/h?) f dp’ f dvV(Eop’) [ dterio—ne (4a) 
Ap’ —~ 


Te 


which is invariant under transformations of the form 8,’ =f(8’), since, by(3b) 
the [ V,(E.8’) |? are contravariant to 6’. If we now make V,=0 except inside 
the range Av(8’) and evaluate (4a) in the usual manner we find that outside 
Ap’ the number of systems does not grow, and that the total number within 
the range is for a large 7—T 


(4x?/h*) | V,(Eo8’) |'48’Av(6’)(T—T»). (46) 
This makes the rate at which systems enter the range 


(4?/h?) | V,( E08’) |’A8’Av(8’). (4c) 


Now we can, if we make 7—Tp) very large, evaluate (4) by carrying out 
the integration with respect to v first. Using Fourier’s theorem we find 
instead of (4b) 


4n?/h? | V,(Eo8’) |’Ap’ (4d) 


for infinite J and 7». Thus, in the steady state when there are (4d) systems 
in the range A#’, the number entering the range per unit time is (4c). 

We may expect, therefore, that the normalization (3) corresponds to 
making the number of particles leaving the system to infinity per unit time 
equal to Av for the range. We shall proceed to show this. 

Let us limit ourselves at first to a single degree of freedom and let us 
suppose that the range of a@ is not quite infinite, so that some function of 
6’, say J(B8’)/h, takes only integral values. We can then write in place of (3) 


J { a’ /B’} da’ J r dp’ {p"’/a’} =1 (5a) 


* Cf. E. Schroedinger, Ann. der Physik 81, 117 (1926) Eq. 16. V(E)8’) is the matrix com- 
ponent of V corresponding to the transition between the states E= E, and 8=8’. 
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where #’ lies in AB’ and where Ag’ is a #’ cell. The integral may be regarded 
as an integral taken over the cell, or as one to which only the integral values 
of J/h contribute. We may write (5a) 


@ = (1/h)(9J/08") (56) 


where 


o=(1/h) J dex J __ a'/8} a8) {8'/a!} 


is the total probability of finding the system in a @’ cell. Setting B’=J/h 
makes the probability uniform in phase space, but the range of integration 
Ap’ in (5a) does not vanish in the limit, and the limiting process is thus 
ambiguous. When we have { B’/a’}~ Cer, however, this form of (5b) 
gives us C=1; and in this case Weyl’s normalization means that the mean 
density per §’ is assymptotically unity. 

Now if we have 0//08’— ~~, then (5a) goes into (3) when we make A> ~; 
so that if we can interpret (5b) we shall know what (3) means. A simple 
way of doing this we get by setting 


dJ /dp’ = h(dE/aJ)— 
and using 
o=0(J) =a(6’) =dE/aJ 


which is quantum-mechanically true if w is canonically conjugate to J. 
Then, 
aw = 1 (5c) 
for 
B’ = E/h (5d) 


Now raw is the flux across a surface w=const. with 6 value equal to #’; 
and setting B’ = E/h in (3) makes dv = 1. But we may show that rq is equal 
to the flux to (or from) infinity introduced above and given in terms of the 
wave functions® by 


Da(8’) = 20 (8’) = h/2mI | { a’ /B’ } (8/da’) {8’/ar’} | 


For >.(8’) is a constant: it follows from the fact that the transformation 
equation for {a’/8’} is self-adjoint that >..(8’) —>>...(8’) =0. Further, if 
B’ is an integral of motion, @w is a constant independent of w. Hence if 
Zz. =&q@ is true at one point it is generally true. But we can make the forces 
vanish at some point @ without altering the motion appreciably; and then 
we have ®=f(&) so that the flux across the w=@ surface is equal to that 
across a =@ surface. 


6 This quantity was first introduced by M. Born, Zeits. f. Physik. 40, 167 (1926), E. 
Schroedinger Ann. d. Physik. 81, 109 (1926) and W. Gordon, Zeits. f. Physik. 40, 117 (1926). 
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Hence setting 8’ = E/h makes Die™! and the flux to infinity in a range 
AB’ becomes, in this case 


> 48’ =AE/h (6) 


Since >), ,48’ does not depend upon the choice of 8’ this Eq. (6) holds gener- 
ally, as was to be proved. 

With problems of several degrees of freedom the coordinate a’ maybe 
only half open (aSa’<@ instead of » <a’<~), and in this case {f’/a’} 
will be assymptotically given by two waves, one inward, and one outward, 
of equal amplitude. We then have >). =0 but ) ved =)>°.~0 to Tepresent 
the two waves. One finds, in this case, that one must set _ => = 1 
for 8’ = E/h, so that in this case also both ingoing and outgoing waves have 
unit intensity per E/h. One can understand this most easily as follows: 
the transformation from @ to w is no longer one-valued so that, to any point 
in the (a/) space there correspond two points in the (w/J) phase space. The 
Wey] condition thus gives double the density in the (a/) space that it would 
for an open coordinate. (This enters analytically in the integral (3) which 
goes only from a to ©.) 

One further point may perhaps be mentioned. In certain experiments, 

g., the photoelectric effect one may expect the flux inward from infinity 
to vanish, and only the flux outward to count: an atom emits electrons 
under the influence of light. In spite of this it is not justified to use for the 
aperiodic characteristic functions merely an outgoing wave. Analytically 
one sees this because the outgoing wave alone has a singularity at the origin. 
Physically it follows from the fact that in spectroscopic problems one specifies 
the energy of the hyperbolic orbit exactly; the phase is thus quite un- 
determined and one cannot say to which branch of the hyperbola (ingoing or 
outgoing) the electron will jump. In general each electron goes on both, 
since the orbit is closed at infinity. 

When there are several continuous integrals 8; one may set 


s=1 (6a) 
if one chooses 
AB,’ = (1/h)(0E/0B;’) 3,48,’ iA~j (6b) 


This gives a convenient rule, which is in practice easier to apply than (3), 
and which depends, as to be expected, only on the assymptotic behavior 
of the {a’/p’ . In conclusion we may note that with (6b) the flux is given by 


f 40(8")da’AOt (8’) (Q) 


and that the absorption coefficient for light is given by the square of the 
modulus of the matrix component of the perturbing energy.’ 
7One may regard the analysis of this section as a method of interpreting stationary 


solutions of the wave equation, in aperiodic problems, like collisions or photo-ionization. Cf. 
P. A. M. Dirac, Proc. Roy. Soc. A114, 256 (1927). 
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2. One may expect a motion of periodic systems to approach that given 
by the classical quantum theory when the action per cycle is large compared 
with kh. Kramers® has shown that this condition makes the number of nodes 
between the limits of libration large, and has applied the approximation 
to show that half quantum numbers are better than integers. From Kramers’ 
argument it appears that the essential condition for the validity of classical 
mechanics is that the number of nodes of the eigen-function should be large 
in a region in which the potential energy is sensibly constant. This condition, 
unlike that on the action per cycle, may be extended to aperiodic motions; 
in this paragraph we shall show that it enables one very simply to determine 
whether the classical formulae are valid for any problem that is susceptible 
of a quantum mechanical solution. The method will be applied to the 
scattering of an a-particle by a nucleus. 

If one sets e***5/* in the wave equation one obtains 


(h/2wi)A?S+(AS)?+2M(E-—U)=0 (1) 
The classical SS satisfies 
(AS)?+2M(E—U)=0 (1a) 


so that 


| E/x} a= exp(2ei(—2M)"/2/h) f ds(E—O)""2 (2) 


These solutions (2) each correspond to a uniform distribution of particles 
when E> U, and a rapid exponential drop at the edge of the geometrical 
shadow. Because of the interference of the { E/x}’s, however, this does not 
represent the distribution for any given experimental arrangement: e.g., one 
obtains the classical deflection pattern at an obstacle by combining the 
solutions (2) so as to give a plane incident wave. 

Now when |(h/27)A*S(AS)-| is very small, S and therefore, {E/x}, 
will not have to be much modified to give the quantum mechanical solution; 
in this case, therefore, the classical formulae may be expected to retain an 
approximate validity. Qualitatively, we see that this condition can always 
be satisfied by taking S/h large enough, since (AS)? is quadratic, A?S linear, 
in S/h. This is the old condition that quantum numbers shall be large, the 
wave-length small. Wecan make the condition more precise and bring out 
the optical analogy better, if we introduce 


\=(h/2e){2M(E-—U)}-"2 (3) 


as the “wave-length” at a point. The condition that {E/x} should be given 
approximately by (2) in a region then becomes 


| grad A| <<1 (4) 


8H. A. Kramers, Zeits. f. Physik 39, 828 (1926). 
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Now in any physical diffraction problem U will have singularities, and there 
will be points at which (4) will not be satisfied. There will thus be classical 
scattering if (and only if) these regions are immaterial for the diffraction 
pattern; that is, if onecan set 7=0 within them without affecting a result 
appreciably. 

As an example of this method we may consider the scattering of fast 
a-particles by nuclei. Here we have 


U =ee2/r (Q) 


an €1€2 €1€2\—3/2 hh? 1/2 
|erad »| = [| = = g-“2) ——— 
Or 2 r? r 82°M 


r>>e:é2, say r= Beye2/E 


and 


If we make 


we may replace (5) by 
r? E3l2> > eres 
and hence (4) can be satisfied outside of a sphere of radius 


To= (c1/E)(e1e2)'!2 | h2E/8x?M |1!4 


= Cod,,°/? 


where A,, is the wave-length at infinity of the incident a-particle. Now the 
scattered wave, for large velocities, is given by 


[B/z}=ce™ f ede f sin 3 did e2isin? (8/2) - 008d -p/d 
0 0 


be a 
=a [udu f sin 3 dd e2is8in? 5/2-cosd -u 
0 0 


If we set U=0 inside the sphere of radius ro we get 


” ” 
{ E/x} 1 = ch2e—tkr f " udu f sin 8 dd e2t8in? (8/2) -cosd -u 
Cae 0 


so that, as A,.—0 
{E/x}\'>{E/x}, 


Hence the region in which (4) is not satisfied is, in the limit vy, immaterial 
so that Rutherford’s formula must be expected to hold for this case.® 

The argument may be extended to show that the quantum mechanical 
scattering approaches the classical scattering in the other limiting case, 


*See P. M. S. Blackett, Proc. Camb. Phil. Soc. 23, Part 6, 1927. J. R. Oppenheimer, 
Zeits. f. Physik 43, 413 (1927). 
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where v0. For the wave function drops off exponentially within a sphere 
of radius proportional to v~*, whereas (4) is not satisfied within a sphere of 
radius proportional to v~*?, Setting v=0 within this latter sphere does not, 
therefore, in the limit v0, affect the scattering. There is, however, no 
reason to suppose that for intermediate v the classical formulae hold. 

3. If one separates the wave equation for a hydrogen atom in an homo- 
geneous electric field in parabolic coordinates, one finds that one of the 
equations has a potential energy which becomes negatively infinite for 
infinite values of the coordinate. Such an equation has no quadratically 
integrable solutions, and no point spectrum.'® There are thus no stable 
stationary states possible for a hydrogen atom in such a field. 

If one encloses the atom in a large box, periodic motions, of course, 
become possible. If the field is now made very small, the solutions of the 
wave equation are very much like those for the unperturbed atom; but if 
the drop in potential across the box is comparable with the resonance 
potential of the atom this is no longer the case. We must, therefore, conclude 
that, under the customary experimental conditions the characteristic func- 
tions found by the perturbation method, which yield the Stark effect, are 
not the stationary solutions of the wave equation, and that they do not 
completely describe the effect of the field. 

The physical interpretation of this result is very simple. If we imagine 
the potential energy U of the electron plotted along the direction of the 
field, we see that it falls from a very high value at one end of the box to a 
very low value at the other; this uniform fall is broken by a sharp drop due 
to the nucleus. On the low potential side of the nucleus there is a maximum, 
sharp inside but gradual outside. If, therefore, we specify the energy of this 
system, we cannot be certain that the electron is in the neighborhood of the 
nucleus; it may also be in the low potential part of the field. If we make 
the box infinite, then it becomes increasingly probable that we shall find the 
electron in this part of the field, and hence the motion becomes aperiodic. 
In the classical theory, however, this situation caused no difficulties; for 
we could specify the other coordinates of the electron (besides the energy), 
and thus make certain that it was near the nucleus; and it could not leave 
this region without getting enough energy to clear the maximum in U. 

We have seen that this is not so in the quantum theory, and that there 
is no stationary state of interest. The electron will not stay indefinitely near 
the nucleus. This suggests the following question: Given the atom at time 
T, in, say, its normal state. The field is turned on. What is the probability 
that at a subsequent time TJ the electron will have left the atom for infinity? 
If T—T> is big enough, this probability will be indefinitely near to one; but 
we may presume that the rate at which it grows will be very small when 
the field is small. This presumption will be verified. 

We could find the rate of ionization, of course, by computing exactly 
the characteristic function of the atom in the field as a function of the time 
and thus finding the rate at which the probability that the atom is outside 


10H, Weyl, Math. Ann. 68, 220 (1910). 
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a given sphere about the nucleus increases. There is, however, a simpler 
way of answering the question, which makes use of the fact that the two 
unperturbed characteristic functions, corresponding to the initial energy 
and representing, respectively, the atom in its unperturbed normal state, and 
the electron and nucleus flying apart under the influence of the field and with 
neglect of their attraction, are nearly orthogonal. It is therefore nearly, but 
not quite, unambiguous to ask whether the electron is bound or whether it 
is torn loose, since the chance that we might have to answer “both” is very 
small. This method of nearly orthogonal characteristic functions appears 
to be capable of fairly wide applications. We shall therefore first develop 
the general theory.and then apply it to the ionization problem. 

The system is initially in a given state of energy Ey=hvo, and the wave 
function" wWo(x) satisfies 


[H+ Ho— Eo}o(x) =0 (1) 
At the time 7) a perturbation (x) is introduced. Let 
[H+H,—E,|¥i(vix) =0 > E\= hv, (2) 


In general E,; =hv, may be taken continuous; for unless (2) has characteristic 
values very close to Eo, the effect will not occur." 
We now require that 


| €o | 2/ | Zo(v0) | <<1, where e9= J ardelayvst oa) 


Of course ¢, = [drWo(x)~:*(vx) cannot always be small, since 


fo J arvalaaGex) ie J volear= 


It is important to note that the y,’s are closed with respect to all functions 
analytic in the configuration space. 
We may accordingly set for the wave function 


y= f a(vt)Wi(vx)e2***dy 


The initial values of the a’s are 
a(v0) =e, 
We can now write 
a(vt) =e€,e27*o-”) ¢ 4+ (yt) 
1 We now write { E,/x} = yo(x), etc. 


la For the singular case that (1) and (2) have identical discrete characteristic values, 
see F. Hund, Zeit. p. Physik, 43, 805, 1927. [Note added to proof] 
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So that 
Y= yYoe?* ot + J cloys(vayerrods 


The wave equation is 
[H+ Ho+ Hit (h/2ni)(d/at) |y=0 
Setting (4b) in (5) we get 


(h/2ni) f c(vt)(vx)e2tdy-+ Hho x)et*iret-+ f c(vt)Hobilvx)e**tdy=0 (6) 


If we expand in terms of the y,’s and make all the coefficients of (6) vanish. 
we get 


(ih/2x)c(vt) — Hy(Ov)e2**o-) #§ — f c(v't)Ho(v'v)e2**’—”) dy’ =0 (6a) 
Now in the first order we have by (4a) c(vt) =0 and therefore 


c(v(t= (—2ni/h) [ onersommna 
0 


4 
|c(vé) |2 = (4?) h?| H,(0r) |2 f e2rt (vo-¥)t de |? (6c) 


for the number of systems in the state vy at the time 7. Only when y~v 
does this increase appreciably with 7; the total increase in a little region 
about v =v we get by integrating (6c) with respect to rv: 


AN(T) = (44?/h?) | Hi(Ovo) |?T (7) 


This is only significant, and therefore only accurate, to within a factor of 
the order of e?/>... (v9). 

Because €9 is so small, H,(0vo) may be much smaller than H,(Ov) for 
some other v. For this reason one cannot be certain that it is sufficient to 
take the first approximation in (6a), since, if one chooses T large enough 
to make the transitions sensibly conserve the energy, as in (7), c(vt) may 
not be very small for some other v.27 From (6a) and (6b) follows, for the 
correction for the c, 


T t 
Cy’ = (—4n?/h?) f dy’ f epor~n f dt! ei") Ho(v'v)H(Or’) (8) 
0 0 


2 This second order cascade is important in the theory of dispersion: see P. A. M. Dirac, 
Roy. Soc. Proc., A114, 710 (1927). 
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We may obtain a rough estimate of this, and thus of the error in (7), by the 
following method: 
The only term in (8) that can grow large is 
1 P H(v'v)H,(0v’) 1 —e2t*(o-) T 
~55* 





. (8a) 
- oe V—Vo 

which has a vanishing denominator for v=v»). Now H,(0v’) is small for 
y'~vo, since otherwise the second approximation is unnecessary, and it 
grows small again for very large v’, since the corresponding wave function 
has more and more nodes in the region in which WY differs appreciably from 
zero. There must therefore be some value » for which H,(v’v) H,(v’v) has 
a maximum; only in the neighborhood of 7 will the integral contribute much 
to (8). If, now, the maximum is so sharp that the integrand of (8a) does 
not change sign within the essential part of the integral, we can estimate™ 
the magnitude of the integral if we replace it, in (8a), by 


[1/(7—v) ] f dv! Ho(v'v)H(Ov’) (88) 


For (8b) is easily evaluated by using 


H,(v'v) = J arvittos)Hola)¥a0'2) 


H,(0v") = f de'ys*(v'x")Hi(21)Yo( 2’) 


If we now integrate directly with respect to vy and use 


f dv'di(v'2\Wi*(v'x") =8(2— 2’) 


we get for (8b) 
[—1/(v0—¥) ] oH 1(0r») (10) 
so that the second order effect may be roughly allowed for by writing 
H (Ovo) + [1/4(vo—¥) ] HoH 1(0v0) (10a) 


for H,(Ovo) in (7). Now because €9 is small, Hy will generally be small where 
H, is large, and conversely, so that the correction (10a) will not be very 
important. It is for this reason that the approximation introduced is per- 
missible; if (10a) differed appreciably from H(0vo) it would be necessary 
to use the accurate expression (8) to find AN(T). 

For the problem of the hydrogen atom in the field we take 


Hy=—e*/r; H,=—eFz (11) 


3 The method may give a good approximation even when this condition is not fulfilled. 
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with the field F along z. The normalized solution of (1) for the normal state is 


Yo= [1/(wa*)!/2]e-r/e= [1/ (ara) 1/2 ]e-2/a (22+ 02)" (12) 


in the cylindrical polars z, p, ¢. The wave equation for ~i(vx) becomes 
Ayit(A+az)¥i=0 (12a) 
with 
A=8r'uv/h=8r'zE/h?; a=8r2ueF/h? 


and can be separated in gz, p, ¢. 
The solutions take the form 


u(Ardods) = e*?'/°PT,1"(py,3/2) K(y) (12c) 
here /A; is integral, but A» and A, continuous and 
A=AitrArtaAs (12d) 
Further J)3!” is Bessel’s function of parameter A3'/2, and 
¥ = (2/3a)(—d1— az)3/? (12e) 
Finally 
K(y) =y'2HO(—iy) (12f) 


where H,;; is a solution of Besd&’s equation with parameter 1/3, and for 
7 >0 is the customary Hankel’s function of the second kind; because of the 
double-valuedness of y this becomes for imaginary 7 


— iy'!/3N 13 { (2/3a)(A1+az)*/2} (12g) 


where N;; is Neumann’s cylinder function. We can thus describe the func- 
tion K as follows: for y>0 it falls off exponentially 


K (y)~(2/m)}2y-Mebeitia—9 (12h) 


For y = 0 it has the value 7.2/*. Its first zero occurs at iy~2. Beyond this it 
oscillates with decreasing amplitude and period, and for \:+az>0 it is 
given by 


(1/2m) 1/2-y—1/6 gi Ge /12)+7] — gil G4/12)+7] (12%) 
It differs from zero chiefly in the region |y| <2. 


The normalizing factors & for u are readily found. Since As is integral, 
£, becomes (27)—'/?. Eq. 6 of Section 1 gives 


E=2m(u/h)? 5 &= 24/8ar(u/h)*!?(3a)-** 
10E 


E ; 
where J,” is normalized to an=e 5 and K to dn = Sad as in 


(6b). The normalizing factor thus becomes 


E= (p/h) 211/6q73/2( 3q)—116 (127) 
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We can see now under what conditions the analysis of this section is applic- 
able to the problem. The wave function which corresponds in energy to Wo 
has 


A= —Ao= —w?(2e/h)4 
Since 
Me20, AsZzO, Ari<—Apo 


Hence the argument y of K vanishes at a point 292A o/a; for z<2Z0, y is 
real. Hence if we choose the field small enough, (vox) will be, in the neigh- 
borhood of the atom, as small as we want; conversely yo will be very small 
where (vox) is large. €9 can therefore be made very small, so that eq. (7) can 
be interpreted without ambiguity. Furthermore we can use (10a) to esti- 
mate the second order of cascade. For the essential part of the integral 
(8a) comes from values of \ for which the zero of ¥ lies close to the nucleus. 
For small field this corresponds to a very short v range, and in this range 
the integrand does not in general change sign. 

The matrix components of 47, and H,H, vanish when A\;+0. We are in- 
terested in them only for \=—Ao, so that A:1= —Ao—Az, and the matrix 
components are functions of A, alone. We can thus find, in accordance with 
(7) and (10a), AN(T7,\-2) and we can get the total ionization by integration; 


an(r= f dv2\ N(T, 2) (13) 
0 


The necessary matrix components thus become 
H (Xo) = — 2eF E(u: /a)(a/a)!!? (14) 
HoH (he) = 2e*F E(u2/a)(4/a)*!? 


M= f pdpd (ore!) f odze~ (1/2) (2*+p*)"/2 K (a) ' (14a) 
0 —2 


i] 


usm f pdptolorst?) fi edaena'oeo K (a) [Cat 68)” 
0 —2 


We may estimate these integrals as follows: 
We have in the first place 


w= — [8/0(1/a) |us (15) 


so that it is enough to find the ws. Now we can see at once that pe will be 
largest for small values of As, and that, for small a, it falls off rapidly as 2 
increases; for the value of e—/e:*+e)"” at =0 becomes much smaller, as 
does that of K(y) at z=0, as A» grows. But 


ad re) 


wma f zdze—|sl\/e . K()+ans't f zdz 


—oo 


(16) 


Co) 


J, dpe (t/a) (2*+0°)" « Jy(pdq!!?) » K(y) 
0 











80 J. R. OPPENHEIMER 


and since J, (0) =0 we may neglect the second term. (The corresponding term 
in 1 is also negligible). 

The integral with respect to z is easy to estimate. For, from the properties 
of K it follows that the main part of the integral is contributed by the stretch 
zs Z0 =NotA2/a: 


£o 
— f adze-'*l/ . K(-) (16a) 


Before we evaluate this, we can show that pz is negligible compared to mw. 
mae f 2| 2 | dzell/e . K(y)-+0® f adeertle K(y) (160) 


The term with |z| is obviously large for small a. In this case therefore the 
cascade effect proves unimportant compared to the direct transition. For 
small a and \, the second term in (16b) yields 


Myra e~ @/3@) (otro) */? , (Ao Ag) 9/ qy—11/8 (1 7) 


T= 2%4e-34-(3/4)/T(1/2)1(15/4) 
In (13) this gives, with (14a) and (12j) and neglecting higher powers of a 
AN(T) =(1'/24)(h/m) aot te 4/9098. TP (18) 


which is the required result. 

The rate at which a field of 1 volt per cm dissociates a hydrogen atom is 
thus 1/10!" persec. The true resistance of 1 cm? of gas at 0,001 mm in this 
field is about 10'"° ohms. The values of the field for which the dissociation 
becomes appreciable are of the order of 


F~5X10' e. s. u. 


which is about a tenth of the field which makes the classical Bohr orbit un- 
stable. 

The effect increases very rapidly with a drop in the ionization potential 
of the atom, so that we should expect it to be particularly marked for certain 
metallic atoms at the surface of aconductor. The aeona effect, or pulling of 
electrons out of metal by fields of the order of 10 °e. s. u., is probably to be 
accounted for in this way. 

The importance of effects of the kind here considered is, however, that 
they restore to the atom some of the classical instability which was destroyed 
by the quantum conditions. For instance we can now understand a little 
better the mechanism of metallic conduction. The ionization potential of 
metallic atoms is characteristically low, so that the valence electrons will be 


13a This is confirmed by the fact, that when one uses the data of R. A. Millikan and C. 
Eyring, This Journal, 27, p. 55, Fig. 2, 1926, to plot the reciprocal of the field against the 
logarithm of the current minus one fourth the logarithm of the field, the points so obtained 
lie on a straight line. For this result follows from (18). 
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pulled out easily by the fields of neighboring atoms, (and, to a less extent, 
by external fields). If the probability of ionization is large, we shall no longer 
be justified in associating an electron with a single ion, and in this sense the 
valence electrons will be free. We have seen that this probability is greatly 
decreased if the threshold that the electron must clear is raised. If, therefore, 
the atoms of the metal are separated, e.g. by heat or by distortion, the pas- 
sage of the electrons through the metal will be greatly hindered. It is known" 
that one can give a fairly satisfactory account of metallic conduction, if one 
assumes that it is the “gaps” in the atomic lattice which account for the 
resistance of the metal. 

The transitions involved in a chemical reaction are of the kind considered 
in this section. In particular, one can easily write down the probability that 
an electron will be captured from a hydrogen atom by a passing a-particle; 
but the integrals which occur are awkward to evaluate. 


JEFFERSON PuysIcAL LABORATORY, 
CAMBRIDGE, Mass., 
August, 1927. 


4 P, W. Bridgmar Rap. du Con. Solvay, Bruxelles, 1924. 
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ACTINO-ELECTRIC EFFECTS IN ARGENTITE 
By W. A. SCHNEIDER 


ABSTRACT 


Actino-electric effects are observed in argentite and it is shown that the seat 
of conversion of light into electronic energy occurs both at the contacts as well as at 
certain spots on the crystal. The effect is found to be absent if the crystal structure 
is destroyed. The actino-electric current-intensity curves show a peculiar secondary 
effect at certain intensities. On investigation of the actino-electric e.m.f.’s with 
reference to varying times of exposure and constant times of recovery it is found that 
an exponential relation exists between them which can be represented by 1=Ae~**. 
The a, however, is not a constant but increases with time of recovery and is the 
determining factor in the dark current and photoelectric hysteresis of the crystal. 
It may be very intimately connected with the positive part of the primary photo- 
electric current as described by Gudden and Pohl. 


N STUDYING the mechanism of photoelectric action in crystals it has 

been necessary in most cases to apply large potential differences to the 
ends of the crystal in order to make the photoelectric currents large enough 
to be measurable. This has, in many cases, introduced spurious and secon- 
dary effects which were difficult to measure or even to recognize. Since, 
however, molybdenite,'! cuprite, argentite? and a few other crystals give 
measurable photoelectric currents, even when no potential difference is 
applied, it seemed worthwhile, in virtue of the fact that there would be one 
less spurious and unwanted effect present, to attempt a few investigations 
into the mechanism of photoelectric action in crystals by making use of this 
actino-electric effect. 

Before it becomes possible to explain the mechanism of the production 
of photo-e.m.f.’s in crystals, it is necessary to determine exactly where the 
conversion of light energy into electronic energy occurs. There are two 
contradictory opinions as to the source-or origin of the photo-electrons. 
Coblentz' working mainly with molybdenite shows that the seat of actino- 
electric action is at certain points or loci along the crystal surfaces, separated 
by as little as 0.1 mm, and not at the contacts of crystal with conductor. 
Geiger’ finds just the opposite to be true in the case of argentite, no effect 
being observable when the contacts are shielded from light, and only when 
one contact is illuminated are the currents large enough to be measurable. 

The procedure reported here, as applied to argentite, was similar to that 
used by Coblentz and consisted in moving an illuminated slit before the 
crystal. The galvanometer used was an ordinary high sensitivity L. & N. 
galvanometer which had a sensitivity of about 10,000 megohms. The crystals 


1 W. W. Coblentz; Scientific Papers of Bur. of Stds. No. 486, April 1924. 
2 H. H. Sheldon and P. Geiger, National Acad. Sc. Proc. 8, 161 (1922). 
3’ P. H. Geiger, Phys. Rev. 22, 461 (1923). 
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exposed to the light were chosen largely from samples obtained from Saxony 
and Mexico, since it was found that these crystals gave larger deflections 
of the galvanometer. The samples were about 1 or 2 cm long and of varying 
thicknesses. Since argentite when found naturally does not form very large 
crystals, these samples were all in the form of aggregates of very small 
crystals. Contacts with the crystal were made by winding very thin and 
carefully cleaned copper wire around the crystal as near to the ends as 
possible, and then the two free ends of the copper were connected in series 
with a galvanometer. The word crystal as used here applies not to a single 
crystal but to the whole aggregate sample. 

The usual precautions were taken to eliminate spurious deflections of the 
galvanometer and the light passed through a continuous-flow water-cell. 
A gas-filled, 400-watt, tungsten lamp was used for a light source. 

Many different samples were tried. The results with two such crystals 
of argentite are shown in Figs. 1, 2, 3. In Fig. 1 are presented two curves 
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Fig. 1. Actino-electric response curves when an illuminated slit is moved along the 
crystal. Curve A is for a slit width of 2mm. Curve B for 0.25 mm. slit width. The contacts 
were not covered and could be illuminated. 


obtained when a crystal (Sample K) was illuminated in regions of width 
2 mm and 0.25 mm respectively all along one face of the crystal. The two 
curves are similar except for height. Diminishing the slit width and conse- 
quently the total amount of light falling on the crystal decreases the effect. 
It is evident from these two curves that around the contacts, which were 
located at crystal settings of 3 and 13.5 mm approximately, the effects in 
this sample are extremely large. The contacts were not covered so that 
they could be illuminated the same as the remainder of the crystal. These 
effects are not the ordinary thermo-electric effects which act slowly giving 
continuously increasing deflections as the temperature of the junction 
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increases. The deflections produced are instantaneous (i.e., within the period 
of the galvanometer) and remain constant over fairly long periods. In 
practice it is actually quite easy to distinguish the thermal from the actino- 
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Fig. 2. Response curve when another face of the same crystal as was used to obtain Fig. 
1 (sample K) is exposed. In this case both contacts were covered so that no light could strike 
the contacts. 


electric effect. In Fig. 1 it will be seen that at the left contact the actino- 
electric e.m.f. actually reverses itself for slight displacement of the region of 
illumination. Contact actino-electric effects are therefore present as well 


Light- effect (em deflec 


Covered contact 


Position on crystal of illuminated slit 


Fig. 3. Actino-electric effects observed in Sample L (argentite) when both 
contacts are carefully shielded from light. 








as slight body effects around a crystal setting of 10. These body effects are 
more certainly verified by the curves represented in Fig. 2 and Fig. 3. In 
both cases the contacts were covered and shielded so that no light could 





ACTINO-ELECTRIC EFFECTS IN ARGENTITE 85 


reach them. Any deflections must now be due to the body effect at certain 
regions between the contacts similar to those observed by Coblentz in the 
case of molybdenite.! 

The conclusion to be arrived at is that both contact and body effects 
occur in most crystals. In some the body effects are small whereas contact 
effects are large and vice versa. When different metals such as aluminum, 
nickel, copper, iron, etc., were used for contacts it was found that the 
contact-effects did not change appreciably. The effects along the surface 
at points or loci are certainly present and it seems highly probable (although 
this point cannot yet be definitely settled) that the so-called contact effects 
are due to actino-electrically active spots near or at the contacts and within 
the zone of illumination. As for the spots or loci of light action, Réntgen‘ 
has shown that in blue-colored, naturally occurring, NaCl crystals the seats 
of action are the small colloidal Na (metallic) particles and hence he supposes 
that the source of electrons is in places where the molecular lattice of NaCl 
has been distorted by the Na lattice, giving rise to electrons which may 
be loosely bound. Something of a similar nature may occur on the surface 
of the argentite (Ag.S) crystals where the distortion may be due to minute 
impurities (which certainly are present) or else to discontinuities where one 
crystal cleaves to another. This is partially borne out by the experimental 
fact that when the crystal structure is destroyed (by hammering or filing) 
the loci become insensitive to light. It would seem then that the effect of 
the light is not only to produce loosely-bound electrons with a consequent 
change in resistance as is the case for selenium, but to create in addition 
e.m.f.’s in these regions which together with the change in resistance produce 
measurable currents. 

Intensity investigations. Tests were carried out in an attempt to find a 
relation between the intensity of the light and the actino-electric e.m.f. in 
which particular attention was directed to securing accuracy and the elimina- 
tion of spurious effects. The crystal was illuminated in a region which showed 
large actino-electric sensitivity, this region not necessarily being at the 
contact. Another important consideration was the necessity of obtaining 
a region in which consecutive exposures gave the same deflections or, in 
other words, the polarization was negligible for all but the largest intensity. 

We can therefore assume that polarization was negligible for small in- 
tensities whereas for the large intensities the deflections were corrected by 
carrying out separate measurements on the magnitude of polarization. The 
units for intensity are arbitrary and the deflections (in cm) are really a 
measure of the total photoelectric current which in this case can also be 
taken as actino-electric e.m.f. since polarization and change in resistance 
are negligible as evidenced by constant galvanometer deflections at a certain 
intensity. The final result is given (for a particular sample) in Fig. 4. 

There is, therefore, no simple proportionality between the actino-electric 
current (or e.m.f.) and the intensity. Although all the crystals tested gave 
results similar to those shown in Fig. 4 and none gave evidence of any simple 


* W. C. Réntgen, Ann. d. Physik. 64, 1 (1921). 
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relation existing between the actino-electric effect and the intensity of 
illumination, all the crystals gave a sharp bend in the curve at a certain 
intensity. This result has already been found by Sheldon and Geiger.? It 
was found that this intensity at which the bend occurs varies for different 
crystals and even for different regions on the same crystal. The curve (Fig. 4) 
shows that beyond a certain intensity (in this case about 7 units) the de- 
flection increases more rapidly, hence a secondary effect comes into play 
producing the additional increase in slope. 
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Fig. 4. Relation between actino-eléctric current (or e.m.f.) and 
intensity of illumination. 


These curves seem to be of a similar nature to those obtained by Gudden 
and Pohl’ in diamond, ZnS, etc., where secondary effects occur on application 
of high potential differences. In the case of argentite, however, the different 
results on the several crystals do not seem to obey the same laws. 


A STUDY OF THE ACTINO-ELECTRIC FATIGUE EFFECT IN 
CRYSTALS OF ARGENTITE 


The following effects have been shown by previous workers to take place. 
On exposure a decrease in resistance occurs which, after a very short time, 
however, becomes zero. Furthermore, on account of a flow in current (not 
dependent on light illumination) an increase in resistance takes place. Lastly, 
actino-electric e.m.f.’s are produced in spots or regions or at the contacts. 
Since all these variations take place simultaneously it is difficult to dis- 
tinguish one from the other. Other factors which also enter into the observed 
photoelectric current are changes in dark current and the previous electrical 
history of the crystal, such as time of exposure, recovery, etc. The difficulty 
involved in studies of fatigue effects is that they vary enormously and quite 


5 B. Cudden and R. Pohl Zeits. f. Physik. 16, 3 (1923). 
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unexpectedly for different sections and parts of the same aggregate of crystals 
and even for the same crystals under different treatment. The only way 
any progress can be made is to eliminate as many of these factors as possible, 
then to keep the remainder constant while investigating one at a time. 

In the first part of this paper we are dealing with only two of these 
several effects. This was because of the nature of the conditions specified 
and the precautions taken which made it possible to obtain constant de- 
flections on repeated exposure to light. In this way any effects, which 
required measurable and fairly long periods of time for them to become 
effective, were eliminated. The observed currents were consequently due 
to an actino-electric e.m.f. and a change in resistance, which change, however, 
occurs instantaneously (or very nearly so) and does not vary any more by 
the time the deflections were measured. 

The tests to be described were of a slightly different nature. The crystals 
and conditions worked with were those which did not give constant deflec- 
tions on repeated exposure. The deflections became less showing that a time- 
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Fig. 5. Curve showing fatigue when exposed for 2 min. and allowed to recover 
2 min, between readings. (See curve B, Fig. 6.) 


factor was now involved, ordinarily known as photoelectric fatigue. The 
slit used for illuminating the crystal was made fairly wide so that the area 
of photoelectric sensitivity was fairly large thus increasing the deflections. 
The crystal was now illuminated for a fixed period of time, then left in 
darkness for another specified period of time, then exposed again and this 
procedure repeated. The deflections on repeated exposure were measured 
and found to become less and less. 

The data and curves recorded here were taken with a view to studying 
the effect of time exposure and recovery on the actino-electric sensitivity of 
the crystal. 

Since the same region was always exposed to the same intensity for 
repeated exposures we may assume as a first approximation that the spon- 
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taneous change in resistance mentioned before is the same every time the 
crystal is exposed. Consequently the observed decrease must be due to the 
change in actino-electric sensitivity which occurs in argentite when current 
flows through the crystal. This change must of course depend upon the 
time of exposure and the time for which the crystal is allowed to recover 
between exposures because argentite crystals will regain their original 
sensitivity if left in darkness long enough. 

A crystal was chosen which showed fairly large actino-electric current 
as well as fatigue. The crystal was simply connected in series with a gal- 
vanometer, the light placed at such a distance that thermal e.m.f.’s were 
negligible, an additional precaution being a continuous-flow water-cell about 
5 cm thick. Readings were taken for an exposure of 2 min. and times of 
recovery which were arranged to be either 1, 2, or 3 minutes. Fig. 5 shows 
the result. When current was plotted logarithmically against total time of 
exposure, a straight line resulted (within experimental error) thus showing 
that the decrease in sensitivity follows an exponential law. The same was 
true when the times of recovery were changed to 2 and 3 minutes as will be 
seen in the logarithmic curves in Fig. 6 in which the various readings seem 
to give the straight line relations indicated. 
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Fig. 6. Logarithm of the actino-electric current plotted against total time of 
exposure for various times of recovery (see Table I). 


We can therefore represent our results by an equation of the form 
1 = Ae~* where ¢ is the total time of exposure and a is a constant depending 
upon the time of recovery. Just what this a is and the factors which effect 
it will be determined by the causes of the photoelectric fatigue. In Table I 
are shown the results obtained for a when the time of recovery is varied. 

From this table it will be seen that a increases as the time of recovery 
increases and is not a constant as, for example, is the time constant factor 
L/R in the exponential decay of current of an inductive circuit. The a 
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varies and depends for one of its variations on the time of recovery. We 
therefore write the expression for current as 1 = Ae~/‘)* where ¢ is the total 
time of exposure and ¢, the time of recovery. 


TABLE I 


Experimental values found for a. 





—— 





Time of exposure Time of recovery a 





= 2 min. 1 min. (curve A) 0.068 
2 min. 2 min. (curve B) .087 
2 min. 3 min. (curve C) .152 








In conclusion, the writer wishes to express his thanks to Prof. H. H. 
Sheldon for suggesting this topic and for valuable help rendered during these 
investigations, as well as to Prof. J. C. Hubbard for his helpful advice in 
the interpretation of some of the above results. 

WASHINGTON SQUARE COLLEGE, 

New York UNIVERSITY, 
July 18, 1927. 
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GENERAL CONSIDERATIONS ON THE PHOTO-ELECTRIC 
EFFECT 


By P. W. BripGMAN 


ABSTRACT 


It is shown that the equality of the stopping potentials, which is expressed in 
the equation V4g=(h/e)(%e—a), is a consequence of the principle of detailed 
balancing, without any assumption about the mechanism of photo-electric emission. 
If the relation is not satisfied, the system cannot be in equilibrium, and there must be 
slow transformations taking place with evolution of energy. Differentiation of the 
equation above gives a hold on the numerical magnitude of the temperature coeffi- 
cient of the Volta difference, and also on the magnitude of the surface heat. In 
potassium the latter must be much larger than the ordinary Peltier heat. In a cavity 
in any body the equilibrium electron density is the same whether the photo-electric or 
the thermionic mechanisms act separately or conjointly. This gives certain con- 
nections between the photo-electric threshold frequency and thermionic emission. It 
is shown that the difference between the photo-electric and the thermionic work 
functions must be a universal constant for all metals, as must also the difference 
between the specific heat of the metal and a surface charge, and the difference be- 
tween the entropy of the metal and a surface charge at 0° Abs. Experiment makes 
it probable that these three universal constants are each zero. Applying’ this result 
to thermionic emission, it is probable that the abnormal emission from coated sub- 
stances involves non-equilibrium conditions. Finally it is suggested that the considera- 
tions of this paper enable another significance to be attached to the argument of 
Lawrence that photoelectric and thermionic emission are identical. 


S a result of a series of experiments, both by himself and by others, 

culminating in 1916, Millikan’ has drawn the conclusion that the 
stopping potentials of all pure metals under photo-electric stimulation are the 
same. The meaning of this is as follows. A metal A is exposed to the action 
of light of frequency v, under the stimulation of which it emits electrons 
toward another metal C. A difference of potential is applied between A and 
C by a battery of such a magnitude as just to prevent any of the electrons 
emitted from A from reaching C. The experimental fact now is that the 
potential which must be applied by the battery to accomplish this is in- 
dependent of the nature of the metal A, and is the same for all metals, so long 
as v and the metal C are unaltered. Assuming the Einstein photo-electric 
equation, Millikan showed that an equivalent way of expressing the experi- 
mental fact is contained in the relation 


Vap=(h/e)(vop—Voa) (I) 


where A and B denote any two metals, Vz is their Volta contact difference 
of potential, and v,4 and vg are the characteristic threshold frequencies 
of the Einstein equation. 

1R. A. Millikan, Phys. Rev. 7, 18, 355 (1916). 
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Millikan proposed to use the relation (I) as a criterion of the “genuine- 
ness” of the contact potential difference. Two metals which satisfy the 
relation are said to show the “genuine” contact difference, but if they do not 
satisfy it, as often happens in practise, then Millikan calls the difference 
“spurious,” and ascribes it to the action of some sort of surface layer. Milli- 
kan further drew certain conclusions about the nature of the mechanism 
from the relation (1). 

In the report of the fourth Solvay Conference at Brussels in 1924, just 
published, Lorentz comments on the relation of Millikan, and shows that 
if it can be assumed that two constants in his own analysis, which are closely 
connected with the coefficient in the thermionic emission equation of Richard- 
son, are the same for all metals, then the results of Millikan follow from 
certain very simple assumptions about the mechanism. In the discussion, 
Lindemann’ suggested, and Lorentz later gave a proof,’ that the two con- 
stants would be expected to be the same for all pure metals, since they are 
intimately connected with the chemical constants of Nernst, and their 
equality follows from the third law of thermodynamics. 
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Fig. 1 


More recently, Professor Hall' has shown that the result of Millikan can 
be deduced from the detailed picture of the mechanism which his theory of 
conduction presents. 

It is the purpose of the first part of this paper to show that the equality 
of the stopping potentials follows from certain very general considerations, 
not involving any assumptions as to mechanistic deiails, or even the third 
law of thermodynamics. It follows that any consistent picture of the mechan- 
ism must give this relation, and that conversely, conclusions can not be 
drawn as to the correctness of a mechanism because it gives the relation. 

In the deduction I shall assume the so-called principle of detailed balanc- 
ing; this principle will be discussed in greater detail in a following note. The 
application which we shall make of it is suggested by Fig. 1. Two metals, 
A and B, metallically connected, confront each other in an evacuated 
enclosure at temperature r. The system comes to equilibrium. 


*H. A. Lorentz, Conductibilité des Métaux et Problémes Connexes. Rapport et Dis- 
cussions du quatriéme Conseil de Physique tenu 4 Bruxelles du 24 au 29 Avril 1924 sous les 
Auspices de I’Institut International de Physique Solvay, Gauthier-Villars, Paris, 1927, page 33. 
*F. A. Lindemann, Fourth Solvay Report, page 64. 

‘H. A. Lorentz, Fourth Solvay Report, page 64. 
° E. H. Hall, Proc. Nat. Acad. Sci. 11, 111 (1925). 
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We assume in the first place that the photoelectric processes taking place 
in the system are in equilibrium for every frequency by themselves. This 
assumption is equivalent to one already made by Einstein. The justifica- 
tion here is to be found in the fact that light of a definite frequency produces 
electrons of only a single energy. Conversely, electrons of this energy im- 
pinging on the metal give, when absorbed, light of only this frequency. 
Actually, of course, light of a definite frequency gradually diffuses into other 
frequencies, and electrons of definite energy acquire by collision other 
energies, but these are secondary effects, and by choosing the conditions 
properly, may be made to take place with arbitrary slowness. This means 
that a system containing light of a single frequency is in unstable equilibrium, 
but in equilibrium nevertheless. We now fill the cavity between A and B 
with light of frequency v to such an intensity as entirely to mask the back- 
ground of black radiation, and consider the equilibrium conditions for this 
frequency alone. 

We suppose for the sake of argument that the threshold frequency v,, 
of B is greater than that of A, v4, and consider equilibrium under light of 
the particular frequency vos. Under this stimulation, photo-electrons are 
ejected from A with a definite energy, but none from B. In the space between 
A and B there is a retarding force due to the Volta potential difference 
between A and B. This Volta difference must be such that it exactly reduces 
to zero the velocity of the electrons emitted from A when they have com- 
pletely traversed the space between A and B. For if they arrived at B with 
a finite velocity, charge would accumulate on B, and equilibrium would 
have to be maintained by the continual passage of electrons back to A 
through the metallic connection. If the electrons do not reach B, then by 
using light of slightly higher frequency, electrons may be emitted from B, 
which now reach A, whereas none reach B, and the return circuit must be 
completed from A to B through the metal. Either of these possibilities 
demands that equilibrium be maintained by a circulating process, which is 
contrary to the principle of detailed balancing. 

The energy of the electrons emitted from A which can just reach B is 
€Vazs. But by Einstein’s photoelectric equation, the energy of the electrons 
emitted from A under light of frequency voz is h(vor—voa), which gives, 
on equating the two expressions, 


Vas= (h/e) (Yop _— Voa) ’ 


or exactly the equation of Millikan, expressing the equality of stopping 
potentials. 

There seems no escape from this conclusion, provided the system is truly 
in equilibrium. Therefore, if the relation is not satisfied, or if in other words 
there are “spurious” contact forces, the system cannot be in equilibrium, 
and there must be non-thermal energy transformations taking place not 
contemplated in the analysis above. It is natural to look for such in chemical 


6 A. Einstein, Ann. d. Physik 37, 832 (1912). 
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changes in the surface films; this seems consistent with the experimental 
evidence. 

The fact that it is possible to deduce the relation (1) by a thermodynamic, 
non-mechanistic, method, would seem to justify us in applying the relation 
to other phenomena with considerably greater confidence than has been 
possible hitherto. We may, for example, obtain an expression for the tem- 
perature derivative by differentiating Eq. (I) with respect to the tempera- 
ture, obtaining 


dr e\ dr dr 





dV ap h ( dvoa ) 


The temperature coefficient of the Volta effect is notoriously difficult to 
measure, and there are no satisfactory values for it. There have, however, 
been a number of determinations of the effect of temperature on photo- 
electric emission. This effect is known to be small, in fact for common metals 
the statement is usually made that there is no dependence on temperature. 
From this we may conclude that the change with temperature of the Volta 
effect of common metals is certainly small. It is difficult to find in the 
literature data from which an estimate may be made of just how small 
numerically the effect probably is. It has been found by Ives’ that the 
alkali metals, however, do show a pronounced temperature effect. He found 
that between room temperature and liquid air the work function of potassium 
(=hvo) probably changes by 0.2 volts. If we assume that under ordinary 
temperatures the work function is of the order of 5 volts, this means a 
relative temperature coefficient of the Volta effect of potassium against a 
neutral metal of 10-* per degree, or an absolute temperature coefficient of 
3.3 10-* Abs. C. G. S. units per degree. 

This estimate of the value of dV/dr enables us to consider again the 
question of the surface heat, discussed in a former paper.* We have the 
relation t(d V)/(dr) =P’, or 


P ‘ “(=" =) 
— e\ dr dr} 





Pp’ here includes both the ordinary Peltier heat and the surface heats. 
The considerations above show that at 300°K P,,’ is of the order of 107° 
Abs. C. G.S. Now the ordinary Peltier heat between potassium and platinum 
is of the order of 10-5 Abs. C. G. S. Hence the surface heat in potassium is 
so much larger than the ordinary Peltier heat as to be of a different order 
of magnitude. In common metals the temperature variation of vo is less 
than in potassium, and therefore the surface heat is a smaller multiple of 
the ordinary Peltier heat. 

We can now carry our analysis of the situation further by returning to 
consideration of the black body state of equilibrium. For the purpose of our 


7H. E. Ives, Jour. Opt. Soc. Amer. and Rev. Sci. Instr. 8, 551 (1924). 
* P. W. Bridgman, Phys. Rev. 14, 306 (1919). 
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immediate argument consider only a single body A with a cavity in it. At 
any definite temperature the cavity is filled with the corresponding black 
body radiation, and also with an electron vapor of definite density. We 
assume, for the present at least, that the electron vapor is produced by 
two different mechanisms, the photoelectric and the thermionic mechanisms. 
The ordinary thermodynamic argument is applicable to such a system, and 
in particular Clapeyron’s equation, giving the change of pressure of the 
electron vapor with temperature, dt/dp=rAv/y, is valid. As always, thermo- 
dynamics has no concern with mechanisms, and does not recognize the 
existence of two different methods by which the electron vapor may be 
produced. The 7 of Clapeyron’s equation is the heat which must be absorbed 
by the system, comprising body, cavity, and vapor, to maintain it isothermal 
when one electron evaporates, leaving behind on the surface of the body a 
positive charge, and contains mingled together the contributions made by 
the two mechanisms. We cannot disentangle, or even give separate meaning 
to, the two mechanisms by experiments made under equilibrium conditions. 
This has an immediate application to the usual thermionic analysis. The 
n of our equation is exactly the n which appears in the formula for thermionic 
emission obtained, for example, by Richardson from a thermodynamic 
argument involving equilibrium conditions, and therefore contains contri- 
butions made by the photoelectric as well as by the thermionic mechanisms. 
The fact that so close a connection is found experimentally between this 7 
and the heat directly measured in purely thermionic experiments under 
non-equilibrium conditions leads to the suspicion that the photoelectric 
contribution to 7 is not large. 

To give meaning to the two mechanisms we must set up definitions ob- 
tained from experiments made under non-equilibrium conditions. We may 
do this in some such way as follows. Imagine a body of definite temperature 
in empty space, the infinitely distant boundaries of the space being at 0°K, so 
that the radiational field in the space is uni-directional, all the radiation 
traveling from the body to the confines of the space. (Of course the body 
strictly does not have a definite temperature under such conditions, but 
this state of affairs may in practice be realized very closely.) Under these 
conditions there is a certain emission of electrons from the body which is a 
definite function of its temperature, and this emission is accompanied 
by a certain cooling of the body, so that heat has to be continually supplied 
from outside to maintain it isothermal. This emission is what is usually 
meant by thermionic emission. Now expose this body to a beam of parallel 
light of definite intensity and frequency. It will be found that there is an 
additional emission of electrons, and this additional emission we define as 
the photoelectric emission for the given frequency and intensity at the given 
temperature. We believe that when there is such photoelectric emission 
the energy of the reflected beam of light is less than that of the impinging 
beam, or in other words that the energy of the photo-electrons is abstracted 
from the energy of the incident light, although I believe that this has not 
been tested by direct experiment. Suppose now that we have found how 
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the photoelectric emission varies with intensity, frequency, and temperature. 
We recognize that any body not at 0°K contains an internal radiation field, 
and that therefore there is a continual liberation of photo-electrons in its 
interior. Some of these are absorbed before reaching the surface, but a 
certain number will emerge. We may subtract this number from what we 
above called the thermionic emission, and call the difference the “corrected” 
thermionic emission. 

Assuming now that we can satisfactorily give meaning to the two different 
mechanisms, let us draw what conclusions we can about the relations between 
them by a thermodynamic argument. It is in the first place evident that the 
latent heat of evaporation 9, which enters Clapeyron’s equation, is the same 
whether the electron has been evaporated by a photoelectric or a thermionic 
mechanism. The reason is that the initial and the final states of the system 
are the same, independent of the details of the evaporation. If evaporation 
is by »hotoelectric emission, the immediate source of the energy of the 
electron is the radiation field, but the radiation field must absorb energy 
from the body to restore itself to its equilibrium intensity, so that the total 
heat absorbed by the system from outside to maintain itself isothermal 
during the evaporation process is independent of the details. Since 7 is 
the same, independent of the mechanism, the difference of the thermo- 
dynamic potentials of the solid and the vapor is also independent of the 
mechanism, and therefore the equilibrium conditions are also independent. 
This means that the same electron gas pressure is maintained at a definite 
temperature, whether we totally suppress one or the other of the mechanisms, 
or allow them to act conjointly in any ratio. 

Let us now follow the consequences of assuming that the photoelectric 
mechanism alone functions. We return to our original system of two metals 
A and B in metallic connection, Fig. 1, which confront each other in tem- 
perature equilibrium. At the surfaces of A and B there are electron vapors 
of definite pressures depending only on the temperature and the properties 
of the metal. The pressure gradient in the vapor between A and B is main- 
tained by the Volta difference of potential in a way well understood from 
thermionic analysis. Now here, just as above in our argument about stopping 
potentials, we may isolate those processes connected with any definite fre- 
quency, and apply the conditions of equilibrium to them alone. This is 
possible because of Einstein’s photoelectric equation. Such an isolation is, 
however, possible under somewhat more general conditions. It is easy to 
see that these more general conditions demand in the first place that all the 
electrons which leave the surface under the stimulation of light of a definite 
frequency leave with a single definite energy (call this energy E(v,A)), and 
secondly, that the difference between the energy of electrons leaving A and B 
under the same frequency must just equal the work done against the Volta 
difference of potential when an electron moves from the surface of A to 
that of B. This last condition gives the equation E(v,A) =E(v,B)+eVaa. 
If we give to E(v,A) the Einstein value, we obtain at once the equation 
already found expressing the equality of the stopping potentials. 
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Apply again to this system the principle of complete equilibrium. There 
can be no circulation of electrons through the metal, which means that the 
number of electrons which approach the surface of A from the vapor must 
equal the number which leave A. 

In order to avoid the complications arising from the fact that the electrons 
of a given energy may leave the surface in all directions, we simplify the 
problem by assuming that in the vapor the electrons move only along one 
or another of the three coordinate axes, one taken perpendicular, and the 
other two parallel to the surface. This can have no effect on the final result 
except to change an unimportant numerical factor. 

Assume for the present that the light of frequency » is of unit intensity, 
and of frequency greater than vy,4 and y,g. Denote by fa(v,7) the number of 
electrons per unit area leaving the surface of A perpendicularly in unit time 
under the direct stimulation of this light. This emission is accompanied by 
absorption of light. The radiation balance is maintained by the absorption 

‘of an equal number of electrons approaching the surface, with emission of 
an equal amount of radiation. If we call a4(v,r) the fraction of the impinging 
electrons which are thus absorbed, it is evident that the number of electrons 
which approach the surface must be fa(v,7)/aa(v,7). Abbreviate this as 
F,4(v,7). Inthe equilibrium condition, this must also equal the total number 
which leave the surface, including in this count the number emitted by 
radiation and the number reflected. Now if the frequency v is greater than 
Yop as well as greater than voa, all the electrons leaving A travel completely 
across the intervening space and impinge on B, and similarly all the electrons 
leaving B impinge on A. By a repetition of the argument above, the number 
of electrons leaving B is Fg(v,r). Hence the condition of equilibrium, since 
there can be no return circulation of electrons through the metal, is: 


F4(v,7) =F p(v,7). 


In other words, F4(v,7) must be independent of the nature of the substance 
A when v>»v.4. F is not defined if »<y.4. We may take as a characteristic 
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Fig. 2. 


parameter of the substance vo4. Hence F,4(v,r) becomes F(v,v0,7), and this 
must be independent of v when vy>v. This may be exhibited graphically, 
as shown in Fig. 2. At any constant temperature F(v,v0,7) is defined only 
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above the shaded part of the vy—v, plane, and over this part of the plane 
the F surface is a ruled surface, with rulings parallel to the » axis. 

We may now obtain another condition limiting the function F from the 
fact that the equilibrium electron density under photoelectric stimulation 
alone is equal to the equilibrium density of the ordinary thermionic analysis. 

Consider the total electron vapor. If we suppose that the motion of the 
electrons is restricted to the three coordinate axes, and that along each axis 
there is Maxwell’s distribution of velocities, then the number of electrons 
per unit volume in the velocity range dv is 


nfm \'2 : 

an,==( ) e7mv l2krdy , 
3 \2rkr 

where 1 is the total number per unit volume, and the number striking unit 


surface in unit time is 


1 n/m \%2 ; 
aN, =—vdn,=—( ) e7~ mv [2krody, 
2 6 \2rkr 


Thermionic analysis gives various possible ways of expressing ». I shall 
base my argument here on a form which I have developed in a recent paper,® 
namely: 


2xmkr)?*!? if 1 7°Cy—Con 
pe exp [Ce Comder tf ae]. 
tT krJo k Jo 


h*® k 


T 
Here m is the latent heat of vaporization (at constant surface charge) at 0°K, 
and C,,—Cpm is the difference of specific heat between the charged and the 
uncharged metal. It was assumed in the deduction that the entropy of the 
electron vapor is given by the Sackur-Tetrode expression, and also that the 
difference of entropy between the surface charge and the uncharged metal 
vanishes at 0° K. (third law). If this last condition is not satisfied, so 
that the difference of entropy between metal and surface charge has a value 
(S,—Sm)o different from zero at 0°K, then the above expression for is to 
be multiplied by the constant term exp [(S,—Sm).]. In the following I shall 
use this more general form. 

Further, we may connect the above expression for dN, with Einstein’s 
photoelectric equation, obtaining the relations: 


mv?/2=h(v—vo), vdv=hdv/m. 


Now the number of electrons dN, is also the number which are in photo- 
electric equilibrium under the stimulation of light of frequency vy and in- 
tensity I(v)dvy, where J(v) is the distribution function for black radiation of 
the temperature r. Assuming that the density of the vapor in photoelectric 
equilibrium is proportional to the intensity of the light, we have: 


dN,=F(v,vo,7)I(v)dv. 


* P. W. Bridgman, Phys. Rev. 27, 173 (1926). 
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8x shy 
I(v)=— — 


co ehvl kr 1 


Substituting the various values gives: 


nfm \i2h 
— —eh(v—vo)/ ar 
6 \2rkr m 


F(v,%,7)=— . as — 
T tv‘ 


3 ehv! kr... 1 
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The condition which we previously found was that F should be a universal 
function of v and 7, independent of vo. Since n does not involve v, the above 
expression for F can be consistent with this condition only through the 
condition that ne *%/** must not involve vp. Substituting the value of m 
above gives 


2rkr\3!? hvy— “No 
nehol kr =| ——} exp} (S,—Sm)o+ 
h? kr 


1 fear t fora] 


which must be independent of the metal (or of v9). Since the coefficient on 
the right hand side does not involve », the condition demands that the 
exponent be independent of ». Abbreviate C,,—Cpm by @(v,7). The con- 
dition demands that 


hvo—n 1 r 1 T A(vo, T) 
ae a ae ten 7 — f Oro,r)dr+— f sie 
kr kr Jo k Jo T 


be independent of ». Differentiate this expression partially with respect 
to vo, denoting the derivative by a prime, obtaining 


h— no’ 1 r 1 7 Q'(vo,7) 
Sp—Sm)o! 6'(v0,7)d J ir = 
(S, )o be ne Je (vo,7)dr+ it J, “ dt 


Differentiate this expression partially with respect to 7, obtaining 


f 6'(vo,r)dr=h—no'. 
0 


Differentiate again by 7, obtaining 
6’(vo,7) =0. 


Whence, @(,7) is equal to a universal function of 7, or Cp,—Cpm must be 
independent of the metal. Putting this value back gives the condition: 


h—no =0, 


or 7o—/Avo=a universal constant. 
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Similarly (S,—S,»)o=a universal constant. 

These three conditions give important information. The condition 
no —/ivo = universal constant, shows that the so-called thermionic and photo- 
electric work functions differ for all metals by the same constant. It has 
often been suspected that these two work functions are the same, but only 
on the basis of specific pictures of the mechanism, such, for example, as 
assuming that both the photoelectric and the thermionic electrons have their 
origin in the conduction electrons in the metal, and these assumptions are 
questionable. The conclusion above is free from assumptions about the 
mechanism, and is correspondingly more satisfactory. We may further 
strongly suspect that the universally constant difference between mo and hyo 
is equal to zero, since we have no other evidence of the existence of a uni- 
versal constant of these dimensions. Experimentally, if the value of the 
constant can be found for a single metal it is thereby found for all. Recent 
work by Warner’® makes it very probable that these two functions are the 
same for tungsten, and therefore that the universal constant is equal to zero. 

With regard to the other two conditions, I have shown in my previous 
paper that if the thermionic emission formula J = Ar*e~o/* holds, where A 
is a universal constant (=27(k?me)/h®), then C,,—Cym and (S,—S»)o must 
both vanish. But now the formula has been shown experimentally to apply 
with much precision to the case of tungsten, so that for this metal C,,— Cp» 
and (S,—Sm)o must both be zero, and hence in general they must also 
equal zero. 

These conclusions, reached by an examination of the photoelectric effect, 
have a most important bearing on the conclusions of my previous thermionic 
paper. Experimentally, there are many substances (in general coated, not 
pure, substances) for which A of the thermionic emission formula is enor- 
mously different from the universal value above. I suggested in the former 
paper that this might be explained by the non-vanishing of C,,—C)pm or of 
(S,—S,,)o. But the new argument of this paper eliminates this as a possi- 
bilitv. Hence we must seek in other directions for the explanation of ab- 
normal values of A. One possibility is that the Sackur-Tetrode expression 
does not apply to the electron vapor under these conditions, or that the 
interaction between the parts of the system is so strong that the entropy 
of the whole is not the sum of the entropies of the parts. This does not seem 
a very likely explanation, particularly at low temperatures. It seems to me 
much more probable that an abnormal value of A indicates that the system 
cannot be in equilibrium, and that therefore thermodynamics cannot be 
applied to it, just as we saw that failure of the equality of the stopping 
potentials means that the system is not in equilibrium, and there are other 
than thermal sources of energy. Such a state of affairs does not seem in- 
trinsically improbable in the coated metals which show the abnormal A. 

The value found above for F may be analyzed into its components 


f(v,r)and a(v,r) by ordinary photoelectric experiments under non-equilibrium 


10 A. H. Warner, Proc. Nat. Acad. Sci. 13, 56 (1927). 
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conditions. I shall not attempt to pursue this aspect of the subject further 
here. 

_ Finally, the analysis of this paper has a bearing on a recent paper by 
Lawrence" who offers a proof that what is ordinarily called thermionic 
emission is entirely photoelectric in character, or that what I have called the 
“corrected” thermionic emiss:on is zero. This conclusion is much at variance 
with conclusions reached on experimental grounds by Richardson," who 
states that the photoelectric emission is 5000 times too small in the most 
favorable case to account for observed thermionic currents, and also by 
Ives, who finds the photoelectric effect much too small. Now an examina- 
tion of the details of Lawrence’s argument will show that many of his steps 
follow equally well from the principle laid down here, namely that in equilib- 
rium the electron vapor has the same density, whether produced by a purely 
photoelectric or by a thermionic mechanism. A consequence of this principle 
is that the electrons which enter the vapor state from the solid metal under 
photoelectric stimulation must have the Maxwell distribution of velocities. 
For in the vapor alone there is a mechanism which maintains the Maxwell 
distribution, as shown by ordinary kinetic theory, so that if the entering 
electrons did not also have this distribution, the resultant distribution would 
be disturbed. An argument on this basis will exactly reproduce the early 
equations of Lawrence’s paper, including his expression (ahc?/4am?) (vy —p)/v® 
for the magnitude of photoelectric emission by light of frequency v. The 
only modification will be that now the constant a of this expression will not 
be connected in the same way with the constant A in the thermionic emission 
formula as in the argument of Lawrence. But Lawrence did not consider 
the relative numerical magnitudes of these constants, but contented himself 
with showing that certain expressions have the same algebraic form. This 
is evidently not sufficient. I believe that if he had gone further and considered 
the numerical magnitudes, he would essentially have had to reproduce the 
steps which led Richardson to conclude that the photoelectric effect is 5000 
times too small. 


THE JEFFERSON PuHysicAL LABORATORY, 
HARVARD UNIVERSITY, 
October 3, 1927. 


Note Added on Reading Page Proof. The argument leading to the conclusions 
of pages 98 and 99 neglects the variation of »» with temperature. This 
effect is so small that none of the conclusions would be essentially modified 
by inclusion of this term. 


1 E. O. Lawrence, Phys. Rev. 27, 555 (1926). 
122Q. W. Richardson, Phil. Mag. 31, 149 (1916). 
13H. E. Ives, Astrophys. Jour. 64, 128 (1926). 
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NOTE ON THE PRINCIPLE OF DETAILED BALANCING 
By P. W. BripGMAN 


ABSTRACT 


The following formulation is suggested for this principle “No system in thermal 
equilibrium in an environment at constant temperature spontaneously and of itself 
arrives in such a condition that any of the processes taking place in the system by 
which energy may be extracted, run in a preferred direction, without a compensating 
reverse process.” It is shown that, granted the physical reality of the process, the 
principle follows from the second law of thermodynamics. 


ITHIN the last few years there has been considerable discussion of a 

principle which has been called by various names, such as: “The Law 
of Entire Equilibrium,”! “The Principle of Microscopic Reversibility,”? 
“The Hypothesis of the Unit Mechanism,”* and “The Principle of Detailed 
Balancing.”* The principle may be formulated in different ways. The follow- 
ing from Richardson is typical, “Every isolatable process is exactly com- 
pensated in a state of statistical equilibrium by precisely the same process 
working backward.” There are various opinions as to the true standing of 
this principle. There is in some quarters a tendency to regard it as obvious 
or even trivial, but the more usual feeling toward it is perhaps that there is 
no logical necessity in the principle, but that nevertheless it may be used to 
give correct results in many practical cases. 

In this note I try to formulate the principle in such a way that its limita- 
tions and range of application may be more obvious. 

The reason for the feeling that there is no logical necessity in the principle 
is evident, for the condition of equilibrium merely demands that there be 
no nel change in time in any part of the system, and this demands only that 
the additions to any part of the system in unit time be equal to the sub- 
tractions, without demanding that the method of addition be the same as 
that of subtraction. For example, in a gas in thermal equilibrium at a definite 
temperature a certain fraction of the molecules are ionized. An equilibrium 
state of ionization is consistent with supposing that the molecules enter the 
ionized condition only by the complete removal of an electron from the 
normal condition of the molecule with absorption of a particular frequency, 
but that the molecule may return from the ionized to the normal condition 
by the step-wise falling toward the center of electrons from different levels. 
Such a method of maintaining ionization equilibrium would not be consistent 
with the principle of detailed balancing. Now it is obvious that in this par- 
ticular case the process supposed would not by itself ensure equilibrium of 
the radiation, although it would ensure equilibrium of ionization, and it 
seems probable that a careful consideration of this factor might be made to 





1G. N. Lewis, Proc. Nat. Acad. Sci. 11, 179 (1925). 

2 R. C. Tolman, Proc. Nat. Acad. Sci. 11, 436 (1925). In this paper will be found a his- 
torical account of some of the formulations of the principle and examples of its use. 

3O. W. Richardson, Proc. Roy. Soc. Lon. 36, 392 (1924). 

‘E. O. Lawrence, Phys. Rev. 27, 555 (1926). 
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justify the application of the principle. It is, however, evidently a matter 
of much difficulty to make the justification rigorous in all cases by showing 
that there may not be a closed round of cycles of each of the processes in 
the system. In fact, mere consideration of the equilibrium requirements is 
not sufficient to allow a proof of the principle, and the principle may not 
be true under such conditions, as may be shown by simple examples. A box, 
at constant temperature, containing a flywheel rotating on frictionless 
bearings, is a system in thermal equilibrium, but the principle does not apply, 
because there is certainly no reverse motion to compensate for the motion 
of the wheel. Or any simple reversible thermodynamic engine, converting 
heat into work, violates the principle, because by operating the engine 
infinitely slowly the system is at all times in equilibrium, but the cycle is 
described in a definite direction. 

The following formulation of the principle meets the objections suggested 
by the above examples. “No system in thermal equilibrium in an environ- 
ment at constant temperature spontaneously and of itself arrives in such 
a condition that any of the processes taking place in the system by which 
energy may be extracted, run ina preferred direction, without a compensating 
reverse process.”’ 

Stated in this way, the principle is a consequence of the second law of 
thermodynamics, and must command assent. For obviously if such uni- 
directional processes were taking place, we could by hypothesis extract a 
small amount of energy from the system, then remove the extracting instru- 
ment and allow the system to come again to equilibrium with its surround- 
ings, and repeat the operation indefinitely. 

We have introduced two new features in our suggested formulation. 
The requirement that the equilibrium state of the system is one which it 
spontaneously sets up of itself is obviously required to rule out such cases 
as that of the rotating flywheel above. The requirement that the processes 
to which we apply the principle be such as to allow energy to be extracted 
from the system is at first sight much more restrictive, but I believe it is 
really not, and amounts merely to the requirement that the process have 
physical reality. For if the process have physical reality, it must be measur- 
able, and I know of no method by which processes may be measured which 
does not involve the possibility of extracting energy from the system through 
the measuring instrument. The measuring instrument may then be used as 
the instrument for extracting energy of the proof above. 

All the cases to which the principle has hitherto been successfully applied 
seem to come within the suggested formulation. If at some future time the 
principle apparently fails, then one may suspect that the explanation will 
be that the system is not in true thermal equilibrium, or else that some of 
the processes imagined in the analysis are without physical reality. An 
interesting converse use of the principle is as a criterion of the physical 
reality of processes invented for purposes of analysis. 

THE JEFFERSON PuysIcAL LABORATORY, 


HARVARD UNIVERSITY, 
October 1, 1927. 
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THE PRODUCTION AND MEASUREMENT 
OF MOLECULAR BEAMS 


By Tuomas H. Jounson! 


, ABSTRACT 

A new method for studying molecular beams has been developed in which the 
beam is detected and its intensity measured by the increase in pressure which is 
produced in an ionization gauge when the gauge is moved to allow the beam to enter 
it through a narrow slit. This method has the advantage over other methods in use 
in that it is applicable to beams of molecules of non-condensable and chemically 
inactive gases. Many details of the construction of the new beam detector have been 
described and the characteristics of its operation have been studied both experi- 
mentally and theoretically. Simple kinetic theory fails to explain the observed pres- 
sure changes unless adsorption on the inner walls of the gauge is taken into account. 
A satisfactory hypothesis for interpreting the observations is that gas is adsorbed by 
the walls at a rate which is proportional to the molecular density in the volume of the 
gauge and liberated at a rate proportional to the number of adsorbed molecules. A 
value of 10~‘ per collision is found for the probability of adsorption of a mercury 
molecule on glass. The sensitivity of the gauge method of detecting a beam, although 
seriously impaired by adsorption, still compares favorably with that of other methods 
in use. A study of the relation between the beam intensity and the pressure in the 
source chamber has been made in which the ionization gauge method has been used 
for the measurements. The results show that beams of far greater intensity can be 
produced than were thought possible by Knauer and Stern who have made a similar 
investigation. The results of these investigators, however, are consistent with the 


results of the present investigation if an interpretation, different from that of Knauer 
and Stern, is adopted. 


HE importance of the technique of producing, detecting, and measuring 

the intensity of molecular beams has been emphasized by Stern both 
through his investigations in which beams have been used, and in a paper? 
in which he has stated some of the problems which may be approached by 
the use of these methods. Molecular beam methods have also been used by 
Wood, Gerlach and Stern, Taylor, Phipps and Taylor, Knauer and Stern 
and others’ for investigating atomic and molecular phenomena. 

In all previous work the use of molecular beams has been limited to 
substances which can be detected by the formation of either a visible deposit 
or a visible trace due to some chemical activity between the molecules of 
which the beam is composed and a screen.‘ At the 1926 Montreal Meeting of 

| Sterling Fellow at Yale University. (At the time of publication, Fellow of the Bartol 
Research Foundation of The Franklin Institute.) 

2 QO. Stern, Zeits. f. Physik 39, 751 (1926); 2, 49; 3, 417 (1920). 

> R. W. Wood, Phil. Mag. 30, 300 (1915); Gerlach and Stern, Ann. d. Physik 74, 673 
(1924); Gerlach, Ann. d. Physik 76, 163 (1924); Taylor, Phys. Rev. 28, 576 (1926); Phipps 
and Taylor, Phys. Rev. 29, 309 (1926); Knauer and Stern, Zeits. f. Physik 39, 764; 780 (1926); 
A. Leu, Zeits. f. Physik 41, 551 (1927); E. Wrede, Zeits. f. Physik 41, 569 (1927). 


‘1. H. Solt has reported the use of a platinum wire thermometer for detecting a beam of 
helium atoms, Phys. Rev. 29, 904 (1927). 
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the American Physical Society the writer gave a preliminary report on the 
use of an ionization gauge for the detection of a beam of gaseous molecules.® 
Since that time this method has been more extensively developed and is 
now thought to constitute a valuable addition to the methods in use, in 
that it makes possible the detection of a beam of molecules of any gas and 
enables one to make direct intensity measurements of such beams. 

The present paper describes the ionization gauge method of detecting 
molecular beams and also an application of this method to an investigation 
of the intensity and breadth of a beam of mercury molecules studied in 
relation to the pressure in the chamber in which the beam has its source. 
A similar investigation by another method has been made by Knauer and 
Stern* who concluded that the most intense beam is produced when the 
pressure in the source chamber is such that the mean free path of a molecule 
is equal to the width of the source slit. The results of the present investiga- 
tion are in disagreement with this conclusion as has been stated elsewhere.‘ 


THE IONIZATION GAUGE DETECTOR 


The detecting device was a small bulb which contained the usual elec- 
trodes of an ionization gauge and was completely closed except for a fine slit. 
The chamber was mounted in the region traversed by the beam in such a 
manner that the slit could be moved into or out of the beam at will. When 
the slit was placed in the beam the gas pressure in the bulb would increase 
within a few seconds to a value depending upon the intensity of the beam 
at that position. When the slit was again removed from the beam the 
pressure in the bulb would return to its former value. These pressure changes 
were measured by the usual ionization gauge method.’ 

An expression for the increase in molecular density which takes place 
within the bulb when the slit is placed in the beam follows at once from 
simple kinetic theory considerations. Writing J for the beam intensity 
(defined as the number of molecules which pass a normal plane per sq cm 
per sec.), V for the volume of the bulb, A for the area of the slit, and C for 
the r.m.s. velocity of the molecules at the temperature of the slit, the molecu- 
lar density (v) of the gas in the bulb changes when the slit is placed in the 
beam in accord with the relation, 


dy IA vAC 
anos deere (1) 


dV may 
When equilibrium is established, the molecular density is 
Veo = (62/27 /C (2) 
The time required for the molecular density to reach half of this equilibrium 
value is 


T = [(6m)'/2V/CA ] log. 2, (3) 


5 The writer is indebted to Dr. E. O. Lawrence for first proposing this method of detecting 
a beam of molecules. 

® Thomas H. Johnson, Nature, May 21, 1927. 

7 Dushman and Found, Phys. Rev. 17, 7 (1921). 
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In case there is residual gas in the gauge when the slit is not in the beam, 
these expressions concern the increase over the residual molecular density. 
In this simple theory no account is taken of adsorption of gas by the walls, 
a phenomenon which is, however, of great importance, as will be shown later. 


EXPERIMENTAL ARRANGEMENT 


Production of the beam. A beam of mercury molecules was formed by two 
rectangular slits (16) and (14) (Fig. 1), each having the dimensions 0.1 mm 
by 1 mm. The source slit (16) was supplied with mercury vapor from the 
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Fig. 1. Experimental arrangement of producing, detecting, and measuring 
the intensity of a beam of mercury molecules. 


boiler (22) which contained liquid mercury. (For the purpose of economy 
of space the boiler which was joined to the apparatus at (24) is represented 
at one side of the figure.) To prevent the condensation of liquid mercury 
in the source slit and the connecting tube, these were maintained at a tem- 
perature considerably above that of the boiler by the use of the electrically 
heated tungsten spiral (17) and the electric oven (19). The trap (20) pre- 
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vented droplets of liquid mercury from being thrown into the superheated 
tube leading to the source slit. With these precautions the pressure of 
mercury vapor at the source slit remained fairly steady and depended only 
upon the temperature of the boiler. This temperature was controlled by the 
independent oven (23) and was measured with a copper-constantan thermo- 
couple which was inserted in the long thin-walled tube (21). 

The cold surface of the liquid air container (15) completely surrounded 
the space between the two slits and condensed practically all of the molecules 
from the source slit at their first impact with the walls. The pressure in 
this chamber was thus reduced so that molecules moving in the direction 
of the beam were able to traverse the distance between the two slits without 
suffering collisions, and only molecules coming directly from the source 
passed through the image slit (14). 

Detection and measurement of the beam. The detecting device was a 6 cc 
Pyrex glass bulb (4) (shown in detail at the upper right of Fig. 1), containing 
the three electrodes of an ionization gauge. Because of the small size of this 
bulb and its position in the vacuum, certain special features in its con- 
struction were found necessary. With a short fine tungsten filament (28) 
for the electron emission no vacuum difficulties were experienced due to the 
heating of the glass. The grid (26) was a double spiral of 7 mil. tungsten 
wire mounted so that it could be heated for purposes of outgasing. The 
filament and the grid projected well into the closed nickel cylinder (27) which 
was used as the positive ion collector, so that the space where the ionization 
took place was well shielded from variable static charges on the glass. The 
insulating surface of the glass was protected against the condensation of 
evaporated metals by cup-shaped glass shields (25) which preserved a band 
of clean glass around each lead wire. 

The only opening in the gauge was a rectangular slit’ (8). Two different 
sizes of slits were tried but most of the results reported were obtained with 
the larger slit which had the dimensions 0.1 mm by 1 mm. 

The ionization gauge was suspended from a ground glass conical plug (2) 
by means of two thin nickel ribbons (3) which served both as grid leads and 
as a hinge about which the gauge was free to swing. The control for moving 
the gauge was a taut nickel wire (7) (top view shown at the left of Fig. 1) 
which was connected to the gauge and thence to the glass spring (11) by 
the metal rods (6) and (13). The slit on the gauge could be precisely set at 


8 The three slits used in the apparatus were cut in the following manner. A blunt cone 5 
mm in diameter was first punched from a piece of 0.003 inch nickel sheeting. This cone was 
placed, vertex down, on a piece of soft iron while a hardened steel punch, with its tip ground 
to the exact size of the desired slit, was pressed into the nickel a distance slightly in excess of 
its thickness. The boss thus formed was filled with wax and ground off on the outside until 
the wax could be seen through the slit. The wax was then dissolved out, leaving a slit with 
well defined edges. Slits as narrow as 0.02 mm could be cut by this method. Other materials 
and other thicknesses were tried but none gave as satisfactory results as the 0.003 inch nickel. 
The nickel cone with the slit cut in it was fused into the end of a glass tube. Since the nickel 
used was too thick to make a metal-to-glass seal which would not crack, the glass supports 
(5) were fused on to prevent the cones from becoming dislodged. 
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any position within a range of 5 mm by adjusting an electric current which 
heated and expanded the wire (7), allowing the spring to move the gauge. 
Relative positions of the slit were determined with a high degree of accuracy 
from the scale (12) which moved with the gauge. The scale, of which the 
smallest division was 1/20 mm, was read through a 100-power microscope. 
All connections to the lower extremities of the gauge were easily detached 
so that the gauge and its mounting could be removed through the top of 
the tube when cracked off at (1). 

Alignment of the slits. The two lower slits were made parallel during the 
process of construction by the use of a traveling microscope, with an ocular 
cross-hair, the adjustment depending upon the parallelism of the ways of 
the microscope mounting. The slit in the ionization gauge was made parallel 
to the axis of the hinge about which the gauge swung, and this in turn was 
placed parallel to the lower slits. The position of the gauge was such that, 
when it was near the middle of its range, the three slits were in line. This 
adjustment was accomplished during the construction by placing each slit 
upon the axis of the ground glass cone (18). The position of the slit with 
reference to this axis could be tested by observing the slit through a station- 
ary microscope as the tube was rotated about the cone. For this operation 
the cone was seated in a stationary matrix. All the adjustments referred to 
above were made by heating and bending the glass. 

Vacuum. The apparatus was exhausted by a mercury vapor diffusion 
pump connected at (10) through a liquid air trap. It was outgassed for an 
average period of twelve hours at a temperature below 350°C, higher tem- 
peratures having been avoided to preserve the alignment of the slits. In 
addition to this general baking, the metal cylinder within the gauge was 
heated to a bright red for as long as was necessary to reduce the pressure 
within the gauge to less than 10-7 mm. This heating was accomplished by 
radiation from the grid. 

While the beam was in operation the pressure in the upper chamber was 
reduced by placing liquid air in the container (9), the construction of which 
was similar to that indicated in the figure in the case of (15). Under these 
conditions the pressure in the gauge when the slit was out of the beam was 
practically constant for measurable beams varying in intensity by a factor 
of over one hundred. (See curve II, Fig. 2.) 


Calibration of the gauge. The calibration constant (k) of the gauge will 
be defined by ; 


P=ki/e 


where P is the pressure expressed in mm of mercury in those parts of the 
apparatus which were at room temperature (25°C) and 7 is the ionization 
current formed by the electron current e under the conditions which simul- 
taneously existed in the ionizing region. For this proportionality between 
P and #/e to remain valid it is necessary that the temperature of the ionizing 
region have a constant value, a condition which was approximately satisfied 
throughout the investigation. 
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In calibrating the gauge, the ionization was measured when the apparatus 
was filled with mercury vapor in equilibrium with liquid mercury at 0°C. 
According to the International Critical Tables® the pressure of mercury vapor 
at 25°C in equilibrium with liquid mercury at 0°C, taking account of thermal 
effusion,® is 1.94X10-* mm. Under these conditions i/e was found to be 
25.4X10-*. The pressure of mercury vapor in those parts of the apparatus 


which were at 25°C was therefore given by 
P(mm) =0.076 i/e 
RESULTS 


Empirical relation between the beam intensity and the boiler pressure. 
Curve I of Fig. 2 shows the relation between the boiler pressure and the 
ionization in the gauge with the slit in the center of the beam. The measure- 





























50 100 
Boiler pressure (mm) 
Fig. 2. Experimental curves showing the relation between the ionization in the gauge 
and the boiler pressure (I) with the slit in the center of the beam and (II) with the slit out of 
the beam. 


ments extended over a range of boiler pressures from 0.2 mm, at which the 
beam was just detectable, to 143 mm. Between each pair of successive 
readings the slit was removed from the beam to eliminate, in so far as possible, 
the accumulation of adsorbed vapor. The accuracy with which readings 
could be repeated indicated that no appreciable error was incurred from 


® The writer is indebted to Prof. J. Johnston and Dr. F. Fenwick for placing this datum at 
his disposal prior to its publication. 
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this source. The ionization increased with the boiler pressure, at first 
linearly, but above a boiler pressure of 35 mm less rapidly, passing through 
a maximum at 100 mm. Over the linear portion of Curve I the pressure in 
the gauge was 1.91 X10~’ of the pressure in the boiler, a value which will 
later be compared with a theoretical calculation. 

Curve II represents the ionization in the gauge when its slit was removed 
from the beam as far as the control would carry it (about 3 mm). In this 
position the ionization remained about constant up to a boiler pressure of 
35 mm showing that the residual pressure in the gauge was independent of 
the beam intensity. It may therefore be stated that the ionization recorded 
in curve I was due entirely to molecules which came directly from the beam 
and to no others. Above a boiler pressure of 35 mm scattered molecules 
from the beam were in sufficient numbers appreciably to raise the pressure 
in the gauge when the slit was out of the beam. 

According to the interpretation which Knauer and Stern have placed 
upon their results, a maximum would be expected in curve I at the very 
low boiler pressure of 1.0 mm whereas the curve continues to rise with boiler 
pressures up to 100 mm. These authors have supposed that for boiler 
pressures in excess of an optimum pressure, at which the mean free path is 
equal to the width of the source slit, frequent collisions in front of the slit 
give rise to the formation of a diffuse cloud. Instead of originating in the 
slit, the beam then starts from the surface of this cloud which, according 
to their view, must be supposed to have a surface density always lower than 
the density at the slit with the optimum boiler pressure. A more plausible 
view of the matter, especially in the light of the results of the present in- 
vestigation, seems to be that of considering the intensity of the beam at its 
source to be proportional to the boiler pressure, a condition which is known 
to hold at low pressures and, because of the linearity of the curve I, is thought 
to hold at least approximately at higher pressures. The beam, however, 
passes through the region between the two slits which, because of reflected 
molecules from the uncooled areas and scattered molecules from the beam, 
contains an absorbing atmosphere whose density may likewise be supposed 
to be proportional to the boiler pressure. The resulting intensity of the beam 
after it has passed the second slit can be expressed, on the basis of these 
assumptions, in the form 


I =A Pe? (5) 


where P is the boiler pressure and A and B are constants. Indeed it is 
possible, both in the case of the present results and those of Knauer and 
Stern, to select values of A and B which make this equation fit very closely 
the experimental data. In the present investigation the more effective con- 
densation between the two collimating slits, with the consequent smaller 
value of the constant B, explains the occurrence of the maximum at the 
higher boiler pressure. 

Breadth of the beam. Fig. 3 shows the ionization in the gauge as a function 
of the position of the slit. The data represented in curve II, for which the 
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ordinate scale is given at the right, was taken with a constant boiler pressure 
of 2mm. Curve I, which is plotted to the smaller scale shown at the left, 
is for a boiler pressure of 42 mm. The dotted line represents the relative 
intensities as calculated from the geometrical arrangement of the slits. It 
is, perhaps, a noteworthy fact that many of the points shown represent the 
ionization at positions separated by only 1/100 mm. A series of observations 
similar to those shown in Fig. 3 indicates that, when the boiler pressure was 
below about 35 mm, the beam had the width calculated from the geometry 
of the slit system, but, because of scattering, the beam became broader and 
more diffuse as the boiler pressure was increased above this value. 
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Fig. 3. Relation between the ionization in the gauge and the position of the slit (I) with a 42 
mm boiler pressure and (II) with a 2 mm boiler pressure. 


Both the sharpness of the beam and the linearity of curve I, Fig. 2, 
indicate that at boiler pressures below 35 mm the scattering in the beam due 
to the overtaking of one molecule by another is inappreciable. 

The period of the gauge. The time required for the pressure in the gauge 
to reach half its equilibrium value, according to the simple kinetic theory, 
is given by Eq. (3). On this basis the ionization should fall off after the gauge 
is removed from the beam according to the dotted line of Fig. 4. The ob- 
served change in ionization is plotted with the full line. The discrepancy 
between the calculated and observed values is doubtless due to the effective 
increase in the capacity of the gauge because of adsorption, and to the slow 
liberation of the adsorbed gas. 

Adsorption of gas in the gauge. It has been mentioned above that the 
adsorption of gas in the gauge has probably caused no error in the measure- 
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ment of the relative beam intensities. There are three lines of evidence, how- 
ever, which indicate that adsorption was an important factor in the action 
of the gauge as a beam detector, its effect being to impair the sensitivity. 

The most direct evidence lies. in a comparison between the observed 
value of the pressure which was built up in the gauge when apparently in 
equilibrium with the beam, and that which may be approximately calculated. 
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Fig. 4. Experimental and theoretical (dotted) curves showing the decrease in 
pressure in the gauge after the slit is removed from the beam. 


As a basis for an approximate calculation of the beam intensity, assume that 
the vapor diffuses through the source slit as it would at very low pressures, 
and that no collisions are suffered by molecules after they pass this slit. 
If », is the molecular density of the vapor in the region below the source slit, 
C, the r.m.s. velocity of the molecules at the temperature of the source slit, 
A, the area of this slit, and L the distance between the source slit and the 
slit on the ionization gauge, then the intensity of the central portion of the 
beam at the position of the ionization gauge is" 


10 M. Knudsen, Ann. d. Physik 31, 205; 33, 1435 (1910). 

11 Consider the contribution to the beam intensity of a volume element( L+17)*dwdr, 
where r is the distance from the volume element to the source slit and dw is an element of the 
solid angle which is subtended by the source slit from the point at which the intensity is 
measured. The number of molecules starting out anew after having made a collision within 
the volume element is 

(9101/1) (L+r)*dwdr 
of these a fraction 1/47(L+r)? are directed towards a normal unit area at a distance L+r 
and only a fraction e~" succeed in reaching the rarefied region beyond the source slit without 
making a collision. The net contribution to the measured intensity by this volume element is 
therefore 
dI=(v;C\/4ad,)e"™ + dwdr. 
Integrating over all of the volume below the source slit which is exposed to the view of a point 
at the distance L (the limits of the integration are from r=0 to r= = and from w=0 to 
w=A/L?*), the total intensity is 
I=»,C,A,/4rL? 
If the Maxwellian velocity distribution is taken into account the numerical factor 1/4 must be 
replaced by . 1/(6x)"2 





THOMAS H. JOHNSON 


I=v,C,A 1/ (62) !/2rL? (6) 


According to Eq. (2), when the slit is placed in the beam the molecular 
density should build up to 


Veo = (¥1A1/rL*)(T1/T)!!? (7) 


where 7 and 7; are the temperatures of the boiler and the gauge respectively. 
The ratio of the pressure in the gauge to that in the boiler is then 


P../ Pi =(A1/#L*)(T,/T)'?=3.5 X 10-6 (8) 


The observed value of the same ratio is 1.9107’, or about 1/19 of the 
calculated value. The discrepancy may be accounted for by the adsorption 
of gas on the walls of the gauge, as will be apparent from the discussion 
which follows. 

Further evidence for adsorption lies in the peculiar behavior exhibited 
by the gauge when the apparatus was suddenly filled with mercury vapor. 
The liquid air on the trap was replaced by an ice bath, and within a few 
seconds the pressure, as measured by the gauge, went up to about 10-> mm, 
apparently coming to a quasi-equilibrium at this value. After an half hour 
had elapsed the pressure was still but slightly over 10-> mm, but after this 
interval it began to increase again and at the end of an hour it had reached 
a real equilibrium at the pressure of the surrounding region, i.e., 1.94 10-4 
mm. From a calculation based upon the rate of diffusion through the slit, 
it is estimated that a single molecular layer must have formed over the 
surface of the glass before the pressure started to rise the second time. 

The effect of adsorption on the action of the gauge asa beam detector is 
especially noticeable when the results with different slit areas are compared. 
According to the simple theory, the equilibrium pressure in the gauge with 
the slit in the beam is independent of the area of the slit as long as this is 
small compared with the cross sectional area of the beam. Table I shows 
the results found with two different slits when the pressure in the gauge 
was in apparent equilibrium with the beam. Contrary to the prediction of 


TABLE I 


Variation with slit area of the ionization current at a constant boiler pressure of 70 mm. 








A B Ratio A/B 


Slitarea: ; ay 0.1 0.007 14.3 
Increase in ¢/e one minute after slit is placed in beam: 115x10-* 6x10-6 19.2 











the simple theory the ionizations in the two cases are not the same but are 
roughly in the same ratio as the slit areas, a result which is theoretically 
understandable on the basis of simple assumptions, as will be shown pres- 
ently. 

A complete theory of the pressure changes which take place in the 
ionization gauge when the slit is placed in the beam must take account of 
the phenomenon of adsorption. If it is assumed that the number of molecules 
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adsorbed per sec. is proportional to the molecular density (v), and that the 
number liberated per sec. from the walls is proportional to the number (n) 
of molecules in the adsorbed state, then the molecular density in the gauge 
changes according to the relation 


dv IA CAyp 1 dn 


— = - (9) 
dt J (6m) 1/2) V dt 


where 
dn/dt=av—Bn (10) 
Eq. (9) then becomes 


(6r)1/2V (11) 
At the final equilibrium v, has the same value as was given by the simpler 
theory. As noted above, however, shortly after the slit is placed in the beam 
the pressure within the gauge reaches a quasi-equilibrium state which per- 
sists for a considerable time before the pressure rises to the final equilibrium. 
We shall see that this condition can be accounted for if we assume that the 
rate of adsorption of gas by the walls is very large and continues for a long 
time before saturation is reached. For in this case it will obviously result 
that in the initial stages the value of Bx/V will be small compared with 
av/V. Neglecting it, we obtain 


dv 
(6r)1/2V 


If, further, the rate of adsorption of gas by the walls is large compared with 
the rate at which it diffuses back through the slit the term CAv/(67)!/2V 
is negligible compared with av/V and there results the approximate ex- 
pression, 

IA av 


V V 
The equilibrium value of v to which this equation leads is to be associated 
with the observed quasi-equilibrium and is 


v. =IA/a 


which is proportional to the area of the slit, in agreement with the observa- 
tions. 

To account for the difference between the quasi-equilibrium pressure ob- 
served and the calculated value of the true equilibrium pressure, it is neces- 
sary to take the value of a to be 95. This value of a also gives agreement 
between the quasi and real equilibria observed in the experiment where the 
apparatus was filled with mercury vapor in equilibrium with liquid mercury 
in the ice bath. 
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The value of the constant @ divided by the area of the walls gives the 
probability of adsorption per sq cm. The area of the interior of the gauge 
was about 24 sq cm so that the rate of adsorption by one square centimeter 
is about 4v per sec. Since Cv/(67)'/? molecules strike one sq cm of the walls 
per sec. it follows that the probability of adsorption per collision with the 
walls is 4(67)'/2/C which has the approximate value of 10-4, which, of course, 
depends upon the temperature and surface conditions of the glass. 

CONCLUSION 

The ionization gauge method of detecting and measuring the intensity 
of molecular beams will receive its strongest recommendation because of its 
application to beams of non-condensable and chemically inactive gases. 
It may also find application to beams of molecules which might be detected 
by other simpler methods because, by its use, relative intensity measure- 
ments may be directly made. In regard to its sensitivity the ionization gauge 
method compares favorably with the condensation method. A change of 
pressure in the gauge of 3X 10-* mm (a 3 mm deflection on the galvanometer 
scale) corresponds to a beam intensity of about 510" molecules per sq cm 
per sec. A beam of this intensity would produce a barely visible trace by 
condensation in about one minute. Because of the experimental difficulties 
in its manipulation as compared with obtaining traces by condensation or 
other methods, the ionization gauge method for detecting a beam will 
probably not supersede these methods in cases where either may be used. 

In conclusion the writer wishes to express his very sincere appreciation 
of the many helpful suggestions given during the course of this work by 
Professor W. F. G. Swann, under whose direction it was carried out. 


THE SLOAN PuHysICAL LABORATORY, 


YALE UNIVERSITY, 
September, 1927. 
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ON THE SIZE-DISTRIBUTION OF COLLOIDAL PARTICLES 


By N. RASHEVSKY 


ABSTRACT 


A colloidal solution, which contains particles of various size, is considered to be 
thermodynamically similar to a solution containing various kinds of dissolved mole- 
cules. Planck’s expression for the characteristic function of such a solution is then 
applied. The characteristic function happens in this case to depend on the distribu- 
tion-function of the size of particles. That distribution is considered actually to 
occur, which makes the characteristic function an extremum, and is determined in 
the usual way. The theory applies only to dilute colloidal solutions. 


ie IS well known that the particles of a colloidal solution are not all equal, 
but that their size varies around a certain average value. Attempts have 
been made to determine the distribution of size experimentally,! but not 
much has been done towards a theoretical investigation of the distribution- 
function and of the factors which determine it. 

A. Gyemant? arrives at a distribution curve, by reasoning of a statistical 
character, considering the process of collision of two colloidal particles. Only 
when the radii of the particles satisfy certain inequalities can a collision lead 
to a fusion of both particles and a formation of a new larger one. Even 
under the simplifying assumptions as to the laws of interaction of two 
colloidal particles, Gyemant arrives at differential equations which must be 
integrated graphically. He does not give therefore the distribution-function 
in an analytic form. 

The purpose of the present note is to show that we may arrive at an 
analytic expression for the distribution function by purely thermodynamical 
reasoning, at least for dilute colloidal solutions. The method of attacking 
the problem in this case consists in applying to the colloidal solution Planck’s 
theory of dilute ordinary solutions.* This is justified by the following con- 
siderations. In his theory of dilute solutions Planck neglects the mutual 
interaction of the molecules of the dissolved substance, and considers only 
the interaction between these molecules and those of the solvent, without 
however making any special assumptions as to the nature of this interaction. 

From this point of view it appears quite indifferent whether we consider 
actual chemical molecules of the dissolved substance, or large aggregates 
of molecules, like a colloidal particle, provided the colloidal solution is also 
enough diluted to justify the neglect of the mutual interaction between the 
colloidal particles. We do not need, any more than Planck, to make any 


1 Svedberg and Estrup, Kolloid-Zeits. 9, 259 (1911); A. Stamm, Colloid Symposium 
Monograph, Vol. II, p. 70; W. Kelly, Ibid. p. 29. 

2 A. Gyemant, Zeits. f. Physik. 36, 457 (1926). 

3M. Planck, Themodynamik, p. 229, Fifth edition, Walter de Gruyter and Co. Berlin 
and Leipzig, 1917. 
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assumption as to the law of interaction between the solvent and the colloidal 
particle. We only know that the energy, due to this interaction, will be in 
general some function of the size of the particles, or, assuming, as we shall 
do it in this note, that all particles have the same density, this energy will 
be a function of the mass of the particle. 

As has been kindly pointed out to me by Professor Bridgman it may 
appear at first as a paradox that we neglect the mutual interaction of the 
colloidal particles, although at the same time we must admit the possibility 
of fusion of two particles and even the possibility of a further dispersion of 
a particle, since otherwise any given initial distribution would persist and 
not tend to a definite state of equilibrium. 

This paradox is however solved by the following considerations. When 
in his theory of dilute solutions Planck neglects the mutual energy of inter- 
action between the molecules of the dissolved substance, he means thereby 
the potential energy, due to any kind of forces acting at distances, which 
are large when compared to the size of the molecule. Collisions between the 
molecules of the dissolved substance are in no way excluded, and the dis- 
solved substance may be considered as behaving like a perfect gas in an 
external field of force (field of force created by the action of the solvent on 
the molecules of the dissolved substance). Since the fusion, or more generally, 
any mass exchange between the particles takes place only during the col- 
lisions, there is no contradiction between the assumptions we are making. 

To make the matter more clear we may refer to the following example. 
In the kinetic theory of perfect gases where the only interactions between 
the molecules are the collisions, and any potential energy in the ordinary 
sense is missing, it is customary to consider, with Boltzman,‘ that a collision 
brings a molecule from one “class,” characterized by given components 
x, y, 2 of its velocity, into another “class,” characterized by other components 
x’, 9’, 2’. In our case of colloidal particles we may consider the class of a 
molecule as characterized by four variables, the components of velocity 
x, 9, , and the mass m. There is no necessity of introducing any other kind 
of interaction between the particles. In short we may say that the solution 
of our paradox is found in the circumstance, that the duration of the process 
of fusion of two particles, as well as that of a possible spontaneous division 
is very short in comparison with the time during which the particle is sub- 
jected only to the action of the solvent. 

Taking as independent variables the volume V and the pressure p, we 
choose for our thermodynamical considerations Planck’s characteristic 
function wy which is defined by® 


¥=S—(U+ pV)/T (1) 
where S denotes the entropy, U the energy and TJ the absolute temperature. 


Imagine now a dilute colloidal solution, containing particles of r different, 
but well determined masses, ™,, m2---m,. Since, as we have said, the 


‘ Boltzmann, Gas-theorie, Vol. I, §3-5. 
5 M. Planck, I. c. p. 118. 
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interaction between the solvent and the particle is a function of m, we may 
consider from a thermodynamical point of view such a solution as a mixture 
of r different solutions, characterized each by its own kind of interaction 
between the solvent and the suspended substance. If , is the number of 
particles of the mass mj, and m, the number of molecules of the solvent, then 
the characteristic function of such a mixture is, according to Planck® 


Y= No(do—R log co) +2ni(oi—R log ci) (2) 


¢o is a function of pressure and temperature, determined by the energy 
of mutual interaction of the molecules of the solvent. ¢; are also functions 
of p and T, which are determined by the energy of interaction of the solvent 
with the particle, and therefore ¢; are also functions of the corresponding 
m,;. Ris the gas constant, whereas c; is given by 


ny 
MotNit - >> Me 


If the colloidal solution is very dilute, then o> >nitnet --- +n,, and 
hence with a good approximation: 





Ci 


(3) 


Co=1 and c;=n;/m (4) 

Hence putting 
Oi+R log m=); (5) 

we have from (2) 
Y= Nobot=ni(rAi— R log n,) (6) 


An actual colloidal solution contains particles of all possible sizes, the mass 
m, varying continuously. The sum in (6) must therefore be replaced by an 
integral, and we obtain: 


v=mdot [ n(A—R log n)dm (7) 
0 


It is to be remembered that J is here a given function of m, although we do 
not write it down explicitly, in order not to make any further hypothesis, 
and leave our considerations more general, whereas n(m) is to be determined 
as a function of m. 

The total amount M of colloidal substance being constant, we have: 


f nmdm= M =constant (8) 


9 


But the total number of particles, as well as the distribution function n(m) 
may be varied, and actually such a distribution will take place, which makes 
y anextremum. Hence 


by = fo-r-r log n)indm=0 (9) 
0 


§ M. Planck, I. c. p. 235. 
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Whereas from (8) it follows: 


i) 


f mindm=0 
0 


From (9) and (10) we obtain 


Co) 


f (A—R log n+am—R)indm=0 
Q 


a being a positive or negative constant. 
Herefrom 
A— R log n+am—R=0 
or ; 
n(m) = eAtam—R)/R (12) 


The constant a is determined from (8), which now gives: 


ie) 


f me tam—R)/Rdm = M (13) 
0 


When a is obtained from Eq. (13), the total number N of colloidal particles 
may be calculated from 


fe) wo 


v= f ndm= eQtam—R)/IRdm (14) 
0 0 


The knowledge of the explicit form of the distribution-function (12) re- 
quires a knowledge of the function A, or what amounts to the same, of @. 

Making different assumptions as to the interaction between the solvent 
and the colloidal particles, we will arrive at different expressions for ¢, and 
corresponding distribution-functions. 

It may be recalled here that ¢ is connected with the energy wu of inter- 
action of a particle with the surrounding solvent by 


(m) = s(m) —(u(m) — po(m))/T (15) 
ds(m) = (du(m) + pdv(m))/T (16) 


where v(m) is the volume per particle of a solution, having all particles of 
the mass m, at a pressure p and temperature 7.’ In these equations u repre- 
sents the work required to bring a colloidal particle from the solution to 
infinity. This work, which depends on the adsorption forces at the surface 
between the particle and the solvent, as well as on the electric charge of the 
particle and possibly on other factors, is thus a function of the size of the 
particle. 

We do not enter here on a discussion of the degree of stability of such a 
distribution. 

RESEARCH DEPARTMENT, 


WESTINGHOUSE ELECTRIC AND MANUFACTURING Co., 
August, 1927. 


7 Planck, l|.c. p. 234; Planck uses throughout his book the number of gram-molecules of a 
substance, whereas we use the number of particles (molecules). Therefore in equation 214, 
l.c. @ and ¥ are referred to a gram-molecule, whereas here they are referred to a particle. 
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THE THERMAL AND ELECTRICAL CONDUCTIVITY OF FUSED 
QUARTZ AS A FUNCTION OF TEMPERATURE 


By HERMAN E. SEEMANN 


ABSTRACT 

Thermal conductivity of fused quartz.—The thermal conductivity as a function 
of the temperature has been determined for clear fused quartz by the radial flow 
method from 235°K to 1225°K. The specimen was in the form of a hollow cylinder 
closed hemispherically at one end. Energy to maintain a steady temperature gradient 
was supplied by means of an electrically heated filament mounted axially inside the 
specimen. Thermal contact with the specimen was made with mercury inside and out- 
side at the lowertemperatures and with the tin-lead eutectic at the higher temperatures. 
Inside and outside temperatures were obtained with thermocouples. A guard ring 
scheme was used to prevent heat loss or gain at the open end of the cylinder and 
correction was made for the heat flow through the hemispherical end cap. The re- 
sults may be represented by the linear equation: K =3.83 x 10*7T+0.00163. An 
abrupt change in the thermal conductivity was noted in the vicinity of 1140°K which 
is attributed to heat treatment i.e. annealing or partial crystallization. 

Electrical conductivity of fused quartz.—An attempt was made to measure the 
specific electrical resistance as a function of the temperature by the same method at 
the same time. The results were not conclusive because of the small number of data 
taken but there is every reason to believe that the method would be entirely successful 
for the determination of both quantities. The specific resistance was measured for a 
small piece of the original specimen. C. C. Bidwell’s modification of Kénigsberger’s 
formula was verified i.e. p=Ae(Q/RT+aT) p=Ae (Q/Rt+21), The results indicate the 
presence of both electrolytic and delectiric polarization. Certain peculiarities in the 
polarization were noted at about 1140°K as well as a general change in the resis- 
tance-temperature curve dueto heat treatment. Theinterpolated results areas follows: 
Temperature: 550°K 750°K 950°K 1150°K 
Specific Resistance: 4.46 X 10° 2.09 X 107 1.35 X 10° 2.69 X 10° 


INTRODUCTION 


ORK has been done on the dependence on temperature of the thermal 

conductivities of some non-metallic substances by C. C. Bidwell’ and 
by A. Eucken.2 The present investigation was undertaken with a view to 
extending this field. Eucken worked in the temperature range from about 
—250°C to +100°C. One of the materials which he studied was fused 
quartz. Since this is a simple chemical compound (SiO,) and is highly re- 
fractory, it seemed that it would be of interest to measure its thermal con- 
ductivity through a large temperature range. Furthermore, quartz is a good 
electrical insulator so that whatever theory might be evolved to account for 


its thermal conductivity would not need to take into account the heat 
transfer by free electrons. 


Since the determination of the surface temperatures is so important it 
was deemed desirable to have a molten metal in contact with the specimen 


1C. C. Bidwell. Phys. Rev. 10, 756 (1917). 
? A. Eucken Ann. d. Physik 34, 185 (1911) and Verh. der D. Phys. Gesell. 13, 829 (1911). 
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and measure its temperature as near the interface as possible. The specimen 
was in the form of a hollow cylinder closed hemispherically at one end. 
It was obtained from the General Electric Company and was quite clear 
and practically bubble free. There must have been some strains in the 
specimen before it was used as there were four or five small cracks in it at 
the start. These did not extend through the wall. The specimen was there- 
fore rapidly heated in an electric furnace to an estimated temperature of 
800°C to see whether the cracks would cause further trouble but they did 
not grow perceptibly. However, several large patches of milky white quartz 
appeared on the outside. The surface was ground to remove these and make 
it uniform. Grinding was not necessary for the inside as mere traces of the 
white showed and the irregularities were slight. It is thought that this 
white quartz was tridymite which formed rapidly on the surface because of 
some surface impurity’s acting as a flux. The quantities measured to deter- 
mine the thermal conductivity were: the dimensions of the specimen, the 
power supplied to the filament and the temperature inside and outside when 
a steady state was attained. 


APPARATUS AND PROCEDURE 


Thermocouples were used for all temperature measurements and especial 
care was taken to get the difference in readings of the two couples for the 
same temperature during the calibration. 

Fig. 1 is a scale drawing in section which shows the arrangement of the 
apparatus used for measuring the thermal conductivity in the temperature 
range from —38°C to + 85°C.4. The water bath was kept circulating by a 
pump. The temperature could be varied and controlled by an electric heater. 
For a temperature of —38°C the apparatus was placed in a large Dewar 
flask supplied with a slush of carbon dioxide snow and gasoline. The temper- 
ature drop from the outside of the specimen to the slush was such that the 
mercury outside the specimen was frozen while that inside was molten. Inside 
the specimen a heavy copper rod C was used in conjunction with the mercury 
bath. There was about half a millimeter clearance between the copper rod 
and the specimen and this space contained mercury. The copper was used 
because of its high thermal conductivity and because it served as a convenient 
holder for the heater filament H and the copper thermocouple protecting 
tube JT. The latter made a snug fit in a groove milled in the copper bar. 
The thermocouple itself was of No. 28 double cotton covered copper-Advance 
wire and the junction was swedged into the side of the tube tip so as to be 
turned toward the surface of the specimen. Thus the tip was not more than 
a half millimeter from the surface, with mercury intervening. The outside 
thermocouple tube tip was made similarly and the tube wired to the outside 
of the specimen. The heater H consisted of a No. 22 Chromel wire in a 


3 The radial flow method seems to have been first suggested by C. Niven, Proc. Roy. 


Soc. 76, 34 (1905). 
‘ It is dangerous to use mercury in the open as high as 85°C because of its toxic vapor but 


the laboratory was well ventilated and no ill effects were noticed. 
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porcelain tube. Potential leads of the same material were welded to the 
current carrying filament at P. The wires above this point were threaded 
through four-hole porcelain tubing while those below were in two-hole tubing. 
This unit fitted snugly in a glazed porcelain tube which was wrapped with 
one layer of cotton tape to make a snug fit in the hole in the copper rod. 

















Fig. 1. Apparatus for low temperature 
measurements. S,specimen; 7, thermocouple; 
P, potential terminals; C, copper bar; M, mer- 
cury; Q, sand; J, glass jar; H, heater; Y, yoke; 
G, ground cork; B, brass cup; W, water bath. 











Fig. 2. Apparatus for high temperature 
measurements. S, specimen; E, alloy; P, po- 
tential terminals; 7, thermocouple; C-C’, 
centering rings; G, graphite cup; F, furnace 
wall; M,magnesium oxide; Q, quartz ring; A, 
Alundum cement; N, nickel cylinder; W, wire; 


H, heater. 


Since the potential leads were taken from P, only the region below this point 
could be strictly considered as the specimen while the part above served as 
a thermal guard ring, as it was supplied with the same power per unit length 
as the lower part. Heat gains or losses not accounted for would thus disturb 
the radial flow more at the top than at the bottom. The current was measured 
with an ammeter and the potential difference with a voltmeter. 
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Fig. 2 shows in section the apparatus for the high temperature work. 
The thermocouple protecting tubes in this case were translucent fused 
quartz tubes with half millimeter walls. They were placed 180° apart so 
as to minimize their interference with the heat flow. The inside thermo- 
couple tube was held in place by two small rings of strip molybdenum which 
pressed outward forcing it against the specimen. The outside tube was 
introduced into the metal bath after the apparatus was in the furnace. 

A thermal guard ring was considered essential to this type of experiment 
when carried out in a furnace. This was to distribute the heat radially 
immediately above the specimen to similate the flow im the specimen. Iron 
discs were mounted on the heater tube and extended about 4.5 cm above the 
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Fig. 3. Curve showing the variation of thermal conductivity with absolute temperature. 



































specimen. There was thus a good thermal path radially from the heater 
but a very poor one longitudinally. The dotted region A is the Alundum 
cement which similates the specimen. R is a graphite ring making poor con- 
tact with the lower parts. Another graphite ring resting on this one made the 
heights of the iron discs and graphite the same. W is a tungsten wire to 
make electrical connection to the inside of the specimen for electrical con- 
ductivity measurements. J is a cylinder of sheet nickel resting in a groove 
in the fused quartz-and extending to the outside of the furnace. It was 
grounded so as to by-pass leakage currents. 


RESULTS 


Fig. 3 is a graph of the results on the thermal conductivity K of fused 
quartz plotted against the absolute temperature. The data below 400°K 





THERMAL AND ELECTRICAL CONDUCTIVITY OF QUARTZ 123 


were taken with the apparatus of Fig. 1. The two low points do not fall on 
the straight line determined by the other three. This may be due to the 
difficulty in stirring the slush of carbon dioxide snow and gasoline effectively, 
or it may be real. Eucken’s data show a slight concavity toward the temper- 
ature axis in this region but also a concavity upward between 273°K and 
373°K. His value at 373° is, however, in doubt. The results here given are 
about 15 percent lower than those of Eucken and 19 percent higher than 
those of Barratt.° There are more data corroborative of the three upper 
points but they were omitted for the sake of clarity. Plotted to a much 
larger scale, there is no systematic deviation from a straight line apparent 
in this region. 

The rest of the datum points are numbered in the order in which they were 
taken according to the method of Fig. 2. The crossed circles numbered 
1, 2, 3, and 4 represent the first run and, being erratic, the apparatus was 
taken apart to locate the defect. None was definitely found, but Alundum 
cement was substituted for the powdered magnesium oxide originally in the 
guard ring and the apparatus reassembled. 

If air bubbles were caught at the interface of the metal bath and the 
specimen, thus increasing the apparent thermal resistance, and if these were 
being driven off by progressive heating it is easy to account for the lack of 
consistency in the data of this first run. 

There is a slight indication of this on points 5 and 6 of the final run but 
this source of error was undoubtedly removed at a relatively low temperature. 
Points 7, 8, 9 and 10 show no systematic deviation from a straight line. 
Points 11 and 12 are interesting because at about 1143°K fused quartz begins 
to change to the crystalline form known as tridymite.6 The furnace was 
maintained at temperatures in this region for about 24 hours. Long times 
were, of course, necessary in order to permit the system to settle to a steady 
state. The total time for the run from point 5 to point 12 was about 72 hours 
and was continuous. Work done at the Bureau of Standards’ on the thermal 
expansion of fused quartz shows that the specimens did not quite return to 
their original lengths on cooling to room temperature after they had been 
subjected to temperatures above 1000°C. This seems to give considerable 
weight to the idea that there is a real change in the structure of fused quartz 
which affects its thermal conductivity. A fact which may or may not be 
significant is that Eucken’s data on the thermal conductivity of quartz 
crystal when extrapolated to 1223°K give a value of 0.007 cal./cm. deg. sec. 
parallel to the optic axis and 0.004 cal./cm. deg. sec. perpendicular to the © 
optic axis; values which are above and below those here given. Rock crystal 
quartz and tridymite are, of course, different in crystal structure and 
this comparison may not be justified but the question raised is, Do all forms 
of SiOz have the same thermal conductivity above 1143°K? It is to be noted 
that Eucken found that the thermal conductivity of crystalline quartz de- 

§ T. Barratt Proc. Phys. Soc. London 27, 81 (1914-15). 


°C. N. Fenner Amer. Jour. Sci. 36, 331 (1913). 
7 W. Souder and P. Hidnert Sci. Papers B. S. No. 524 (1926) 
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creases with rise in temperature so that 1/K plotted against the temperature 
is practically a straight line. 

After this run the apparatus was allowed to cool and the metal bath to 
freeze. It was later raised to a moderate temperature to get a check point 
but unfortunately the heater filament burned out. The apparatus was taken 
apart and it was then discovered that the specimen had broken into a number 
of pieces which seemed to have actually separated from one another only 
when all external constraint was removed. The inside thermocouple tube 
and the fused quartz heater filament tube were also broken into small pieces. 
The most logical explanation of this seems to be along two lines: first, the 
quartz was weakened because of the high temperature heat treatment and 
so could not stand the strains due to differential expansion between it and 
the metal when the apparatus was raised from room temperature to the 
eutectic melting point and second, the metal had come into very intimate 
contact with the quartz. When some of it was pulled from the broken pieces, 
in some cases quartz came off with the metal. It was comparatively easy 
to remove the metal from the specimen after earlier unsuccessful attempts 
to assemble the apparatus when the temperature had not been high. The 
specimen and tubes certainly did not break during the run on which the 
data were taken because a stiff wire was thrust into the inside thermocouple 
tube to feel for possible cracks before introducing the thermocouple itself. 
The break must have occurred during the frozen state prior to attempting 
a check point or when the apparatus was heated to take it apart. Points 11 
and 12 could not have been due to the cracking of the specimen as this would 


have been accompanied by an apparent decrease in the conductivity. 
The data were computed from the formula® 





W= 


-Lecr.—1) 


ja . 2rrife 4.19 - 2rL 
re—T} loge ro/ri | 


where W is the watts input on the filament below the potential terminals, 
4.19 the number of joules in a calorie, 7; the inside radius of the specimen, 
ro the outside radius, LZ the length of the cylindrical part below the potential 
terminals, K the thermal conductivity and 7,— 7) the temperature difference 
between thermocouples. The inside radius was computed by weighing the 
mercury required to fill the specimen, measuring its depth and taking the 
density of mercury into account. The outside radius is the mean of several 
measurements taken with calipers. In the above formula the first term of the 
sum accounts for the flow through the hemispherical end and the second 
through the cvlinder. 

The power supplied to the filament was of the order of 10 watts: 5 am- 
peres, with 2 volts between the potential terminals. It was measured to 
better than 1 percent and fluctuations were negligible. The power was 
supplied by a 55 volt circuit, with suitable resistance, from a 110 volt direct 
current generator. 


See for example Preston’s “Theory of Heat” or Ingersoll and Zobel’s “Mathematical 
Theory of Heat Conduction.” 
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The temperature difference maintained between the inside and outside 
of the specimen was of the order of 10°C. Since the thermoelectric power 
of copper against constantan is about 40 microvolts per degree and readings 
could be estimated to the nearest microvolt, the error in temperature 
measurement for one reading may have amounted to 0.5 percent. This 
applies to the apparatus of Fig. 1. Although mercury is only five times as 
good a conductor as fused quartz the error due to the distance of the tip of 
the couple from the surface must have been very small as the outside one 
touched the surface and the inside one protruded a little from the copper 
rod. Readings were taken for a period of fifteen to thirty minutes as this 
was found ample for reproducible results. 

The error in reading temperature differences at the higher temperatures 
with the noble metal couples would be about 2 percent since the thermo- 
electric power is 10 microvolts per degree. At very high temperatures it 
was not possible to attain the steady state in the strict sense as there were 
temperature difference fluctuations amounting to 3 percent and occasionally 
even more. These were probably due to circulation in the metal bath. 
Accordingly, readings were taken for more than an hour and averaged for 
a datum. 

If the thermal conductivity of the tin-lead eutectic is assumed to be 
the mean of the values of the components it is from ten to twenty times as 
good a conductor as fused quartz, depending on the temperature of the 
latter. Thus with the thermocouples themselves about 1.5 mm from the 
surface the computed values of the thermal conductivity are about 3 percent 
low. This is in a direction to account for part of the discrepancy between 
the high and low temperature work. The absolute accuracy of the results 
is estimated as +5 percent and the precision as +1 percent No correction 
could be made for the energy transfer through the specimen by radiation 
because of the lack of data on the emissivity of the surfaces and the absorp- 
tion of fused quartz in the infrared as a function of its temperature. A separa- 
tion between the energy transfer due to conduction and radiation could be 
efiected if several different power inputs were used at the same average 
specimen temperature. The equation K =3.83X10-°7+0.00163 expresses 
the relation between the thermal conductivity of fused quartz and the 
absolute temperature. Compton’s assumption!® of the linear increase in 
thermal conductivity with tempeiature for amorphous materials on the 
basis of Eucken’s work is further justified by these results. 


ELECTRICAL CONDUCTIVITY 


Fig. 4 is a diagrammatic sketch of the apparatus used for measuring 
the electrical resistance of the specimen. Considering R, as a source of 
electromotive force e, the equation e/Ry=E:/R, applies to this circuit, 
neglecting small resistances. It is to be noted that the guard ring effectively 
by-passes leakage currents back to the battery by way of the ground without 
influencing the galvanometer. Insulators as well as a piece of copper foil 


1° A.H. Compton Phys. Rev. 7, 341 (1916). 





126 HERMAN E. SEEMANN 


between the glass tubes containing the thermocouple cold junctions were 
also grounded for the same purpose. The connection to the inside of the 
specimen was made with a wire entering the metal bath (Fig. 2) and the 
outside connection was made to the graphite cup. The advantages of this 
method are that it is a null method so that the sensitivity of the galvanometer 
need not be accurately known and the potential applied to the specimen may 
be kept at a definite known value over a wide range of values of its resistance. 


























Fig. 4. Circuit for measuring resistance. Rg, specimen; F,, battery; V2, voltmeter; S, 
switch; P, potentiometer terminals; G, galvanometer; E,, dry cell; Rp, slide rheostat; V,, 
voltmeter; R;, 1 ohm; Ry %, 99 or 999 ohms; Ry,, megohm box. 


RESULTS 

The results of the measurements on the resistance of fused quartz are given 
in Fig. 5. The logarithm to the base 10 of the specific resistance p is plotted 
against the reciprocal of the absolute temperature. The upper curve is from 
data due to Horton" included for comparison. The large double circles are 
all the data that were obtained when the apparatus of Fig. 2 was in use. 
One of the leads burned out before the entire run for the thermal conductivity 
was completed so but few data were obtained. The results are erratic but 
no check could be made by this method because of the failure of the specimen, - 
already discussed. Accordingly, a piece of the original specimen was ground 
into a shape of practically square cross section (0.674 X 0.686 cm) and 3.7 cm 
long. Fine nickel wire was wrapped around both ends in notches and the 


1 F, Horton Phil. Mag. 11, 505 (1906) 
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short free ends inserted in small holes ground in the ends. These nickel 
terminals were secured near the notches and in the holes with Alundum 
cement, which is a much better conductor than fused quartz. This scheme 
of connections made a close approximation to metallic plate terminals on 
the ends of a specimen about 3.3 cm long. The nickel leads were threaded 
through porcelain tubes which were wired to the sheet nickel lining of a 
small electric resistance furnace. This lining was grounded and was equiva- 
lent to grounding the insulation, as well as giving protection against possible 
leakage currents from the furnace winding. Baffle plates were introduced 
above and below the specimen, and a thermocouple, used in the earlier work, 
protruded into this space to determine the temperature. 

The apparatus just described was used in taking all the remaining data. 
The small open circles represent data taken with a potential of 68 volts 
applied to the specimen all the time and always in the same direction. The 
curve was drawn on the basis of these results. The crossed circles were 








Fig. 5. Curve showing the variation of the logarithm of the specific resistance 
with the reciprocal of the absolute temperature. 


obtained when a potential of 1.45 volts was applied. This voltage was on 
“direct” to get a reading, then reversed and another reading taken as soon 
as a balance could be obtained (within 2 minutes). This scheme meant that 
the potential was on “direct” for from 15 to 30 minutes, a reading taken, then 
a “reverse” reading taken quickly and the potential changed to “direct” 
for a period of time for the next reading, and so on. The points above the 
curve are due to “direct” readings and those below to “reverse.” It is interest- 
ing to note that below 1000°-1100°K the difference between “direct” and 
“reverse” readings is definitely greater than at higher temperatures. The 
short vertical line on Fig. 5 is drawn at 1143°K, the temperature previously 
noted as a transformation temperature for fused quartz. Other data were 
also taken in the same manner with a potential of 68 volts applied. The 
difference effect was small (around 10 percent) at low temperatures but 
increased to about the same values as in the case just cited, above the 
1100°K region. These results have been omitted from the graph to avoid 
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confusion in reading it. The solid black circles represent data taken with a 
potential of 68 volts applied to the specimen. “Direct” and “reverse” readings 
were obtained and from 10 to 20 minutes allowed before every reading so as 
to have steady conditions, i.e., eliminate the difference between “direct” and 
“reverse” readings. Above 1143°K an hour was not a sufficient time for the 
potential to be applied in one direction to obtain the same reading that had 
been obtained in the opposite direction. These results do not lend them- 
selves readily to a simple interpretation but the manner in which the resistance 
depends upon the time during which the potential has been applied in a given 
direction and also upon the absolute value of this potential points toward 
the existence of both dielectric and electrolytic polarization. The difference 
effect is greatest with small potentials applied. A small constant electrolytic 
e m.f. would make large percentage errors in resistance measurements made 
with low potentials and small ersors with large potentials. The variation of 
resistance with time is characteristic of dielectric polarization. Probably 






















Fig. 6. Verification of the resistance formula calling for a linear 
relation between —dp/pdT and 1/T?. 
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both types of e.m.f. depend upon the temperature and the vicinity of 1143°K 
is particularly significant. 

To see whether or not heat treatment had any effect on fused quartz 
with respect to this property or any other, the furnace was maintained at 
a temperature a little above 1143°K for 18 hours with no potential applied. 
Another run was then taken (indicated by the crosses) in a manner similar 
to the previous one but the peculiar effect above 1143°K was not observed. 
It is interesting to note, however, that a curve drawn with the crosses as 
a basis would be slightly above the one given at high temperatures and 
slightly below at the lower temperatures, indicating a heat treatment effect. 
This change of slope means that Q decreases with heat treatment. (See 
below for significance of Q.) The effect was small but there seemed to be no 
experimental difficulties to invalidate the results. 

The curve of Fig. 6 was plotted from interpolated data taken from the 
curve of Fig. 5 because of the convenient relations obtainable from C. C. 
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Bidwell’s modification of Kénigsberger’s formula for the _resistance- 


temperature relation of poorly conducting substances. This formula is: 
/R+aT) 
Ae © : 


It may be written: 


logio p=0.434(0/RT+aT)+logic A 


Qs 


The curve of Fig. 5 shows that a is an appreciable quantity, as this curve is 
not a straight line. By differentiation the second equation becomes 
—dp/pdT =Q/RT*—a so that the straight line obtained in Fig. 6 is a veri- 
fication of the first equation. a@ has the value of +2X10-* and Q/R is 
1.05X10*. Since R, the gas constant, is 1.98, i.e., 8.3107/4.2X10’, Q is 
found to be 2.08 X10‘ calories per gram atom of the metallic element in the 
oxide. Q is the heat required to liberate one electron from each atom in a 
gram-atom. Kénigsberger gives 2X10‘ for this quantity. 
The following are results interpolated from the curve drawn: 


Temperature (degrees ab- 
solute) : 550 750 950 1150 
Specific Resistance 


(ohms/cm*) : 4.46X10° 2.09X10? 1.35X10® 2.69105 


Acknowledgment is gratefully made of the kindly and helpful suggestions 
of Professor E. Merritt and Professor C. C. Bidwell in the course of this 
work. The problem was suggested by Professor Bidwell. 


ROCKEFELLER HALL, 
CORNELL UNIVERSITY, 
May, 1927. 


2 C, C. Bidwell Phys. Rev. 8, 12 (1916). 

It was not until the present investigation was nearing completion that the recent work 
on the thermal conductivity of fused quartz by G. W. C. Kaye and W. F. Higgins was no- 
ticed. This is outlined in Science Abstracts “A” No. 352 p. 299. The original paper is in Roy. 
Soc. Proc. 113. p. 335, Dec. 1, 1926. They obtained a straight line relation between the con- 
ductivity and temperature with a value of .00330 c.g.s. units at 333°K and .00364 at 513°K. 
The absolute values agree well with the data of Fig. 3 but thé rate of increase of the conductivity 
is only about one half that obtained in this work. The fact that the results here given are for 
a temperature range of about 1000° and involved two different arrangements gives weight to 
the larger value of the slope although the thermal history of a specimen of fused quartz may 
be a very important factor in determining any property as a function of temperature. 
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THE TRUE TEMPERATURE SCALE OF CARBON 
By C. H. Prescott Jr. Anp W. B. HINCKE 


ABSTRACT 


Spectral emissive power of Acheson graphite at 0.660u.—The spectral emissive 
power of Acheson graphite for the wave-length 0.6604 has been determined for the 
temperature range from 1250°K to 2700°K. The observations were made on a small 
tubular graphite resistance furnace with a hole in the wall and are best summarized 
by the relation: «=0.984—5.8 x 10-57. Measurementsof thetemperature distribution 
along the furnace afford determinations of the ratio of resistivity to thermal conductivity 


at three temperatures. 
PLAN OF THE INVESTIGATION 


HE present work has been prosecuted as part of the fundamental basis 
of a program of research in high temperature physical chemistry. Its 
purpose is to make possible the determination of the true thermodynamic 
temperature from observation made with an optical pyrometer. The pre- 
liminary results have been used to calculate temperature corrections for 
studies on the chemical equilibria between zirconium oxide and carbon,! 
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and between thorium oxide and carbon.2 
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Fig. 1. Diagram of furnace. 
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APPARATUS AND PROCEDURE 


The furnace shown in Fig. 1 (where the dimensions are stated in inches) 
is a tube of Acheson graphite 5.7 cm long, 0.635 cm in diameter at the ends, 


1 Prescott J. Amer. Chem. Soc. 48, 2534 (1926). 
2 Prescott and Hincke J. Amer. Chem. Soc. 49, 2744 (1927). 
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and 0.318 cm in the central section for a length of 2.54 cm, with a 0.04 cm 
wall. The tube is supported on tungsten rods pressed into the ends of the 
tube. The furnace was horizontal, the tungsten rods resting in steel guides 
clamped to water-cooled copper leads. Electrical connection was made by 
flexible copper wire fastened to steel clamps on the ends of the tungsten rods. 
The outer ends of the water-cooled leads were tapered to fit ground-glass 
seals in a Pyrex plug which was ground to fit a 1-liter Pyrex flask. Seals were 
made with Dennison’s banker’s specie sealing wax and the flask could be 
evacuated or filled with carbon monoxide to suppress the volatilization of the 
furnace at higher temperatures. 

The temperature measurements were made with an optical pyrometer of 
the disappearing filament type made in the laboratory shop after a design 
by Forsythe.’ Two thicknesses of Corning red glass were used for a mono- 
chromatic screen, and an absorption screen of shade six noviweld glass. 
These were calibrated through the courtesy of the Nela Research Laboratory. 
The effective wave-length of the red screen was approximately 0.660u. The 
pyrometer was calibrated against a standard ribbon filament lamp, also 
obtained from the Nela Research Laboratory. 








power 


Emissive 


| 














1 
2000 
Temper ature 


Fig. 2. Emissive power of graphite. 


Measurements of the emissive power were made on six different furnaces. 
Each had three holes 0.38 mm in diameter in its wall, 120° apart around its 
circumference, and 1.6 mm apart along its axis in the center where the tem- 
perature was most uniform. The hole served as an experimental black body, 
and a comparison of the temperature 7 of the inside of the furnace as seen 
through the hole, with the apparent brightness temperature S of the adjacent 
wall afforded a determination of the effective emissive power 7 of the graph- 
ite. This is calculated from the Wien radiation law by the formula 

1/T—1/S=Nnn/ce 


where } is the effective wave-length of the screen and ¢ is 14330u degrees. 
As noted later, 7 is not the true emissive power. 


* Forsythe Astrophys. J. 43, 295 (1916). 
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The pyrometer current was read when the filament disappeared from 
being darker than the furnace, and from being brighter. On the average four 
such pairs were taken for a temperature determination. For an emissive 
power determination readings were taken on the hole, on the wall to the 
left (in the direction of the axis of the furnace), on the wall to the right, and 
again on the hole. The readings averaged for the hole and the wall were 
then corrected for the transmission of the Pyrex flask (89.7 percent). Approxi- 
mately equal numbers of determinations were made on each of the three 
holes in each furnace. 

The resulting values of 7» are plotted in Fig. 2 as points in circles where the 
dotted straight line represents a least square solution of the data which gave 
the relation 7 =0.930—4.2 K10-T. 


THE TRUE EMISSIVE POWER FROM THE TEMPERATURE GRADIENT 


To obtain the true emissive power ¢ from the considerations of the last 
paragraph it is necessary to correct 7 for the difference between the true 
temperature of the inside of the furnace and the true temperature of the 
outside where the brightness temperature was measured. In the center of a 
long furnace where no heat is lost by conduction this difference is given by the 
equation: 


T — Ty = (pj?/2k) [(r?— 102) /2—ro%ln(r/r0) | 


where p is the resistivity, 7 is the current density, k is the thermal conduc- 
tivity, and r and fp are the radii of the outer and inner surfaces. This con- 


dition is approximated by the center of the actual furnace close enough for 
the calculation of a correction, but no existing values of p and k gave a 
temperature difference of the right order of magnitude. The ratio of p and 
k is, however, related to the variation of temperature along the furnace. 
From the considerations developed by Worthing‘ the following approximate 
relation may be developed giving the distribution of temperature near the 
center of the furnace: 


(Tm—T)/Tm=e2P? 7) = P= (Apj?/RTm)*!? 


where 7, is the maximum temperature in a long furnace running at the same 
current, and x» is a constant of integration. The distribution in a short fur- 
nace is a combination of the two exponential functions giving the distribution 
at the ends of the long furnace. 

The temperature distribution was determined at three temperatures on a 
selected furnace, traversing its length by turning the pyrometer with a 
micrometer screw. The true temperatures were obtained closely enough from 
the values of y, and are plotted against x in Fig. 3. The values of 7, were 
estimated from these curves and the values of logio(7,—7) plotted against 
x in Fig. 4. From the limiting slopes of these curves values of P were ob- 
tained and from them the values of pj?/Rk which permitted the calculation of the 
temperature correction required. The values of 7, p/k, etc., are presented 
in Table I. 


‘Worthing J. Franklin Inst. 597 (Nov. 1922). 
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Fig. 3. Temperature distribution along the length of the furnace. 
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Fig. 4A. 7, =1575°K. Fig. 4B. T,,=1890°K. 
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Fig. 4C. T,,=2260°K. 
Fig. 4. Variation of log (7.,—T7) along the length of the furnace 
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TABLE I 
Values for the true emissivity of Acheson graphite and of some of the intermediate constants necessary 
for its computation (r =0.1700 cm, ro=0 . 1243 cm). 


Tn y pj?/k p/k T—To ” € 
2260°K 2.85 4470 1.103 X 10-3 4.25° 0.837 0.852 


1890 2.94 4100 1.670 3.90 0.852 0.873 
1575 3.02 3590 2.305 3.41 0.866 0.892 

















The corresponding values of the true emissive power ¢€ of graphite are 
plotted in Fig. 2 as points in squares, and the solid straight line through 
them gives the true emissive power which is expressed by the equation: 
e=0.984—5.8 X10 T. 

Fig. 5 gives the temperature differences corresponding to (1) the deter- 
minations of Mendenhall and Forsythe,® (2) preliminary published values,! 
(3) , (4) €, the true emissive power of graphite from the present work. The 


























2500°K 
Fig. 5. True temperature as a function of brightness temperature for carbon (e=0.984 —5.8 X 107), 


points give the experimental values corresponding to those in Fig. 2. The 
emissive power of a high grade of gas carbon has been determined by Men- 
denhall and Forsythe,® but, no doubt because of a difference in surface con- 
ditions, their results are somewhat higher than ours. 

Acknowledgment is due to Dr. W. E. Forsythe of the Nela Research 
Laboratory for assistance with the pyrometric standards. This investigation 
has been aided financially by a grant made to Professor A. A. Noyes by the 
Carnegie Institution of Washington. 

Gates CHEMICAL LABORATORY, 


CALIFORNIA INSTITUTE OF TECHNOLOGY, 
August 10, 1927. 


5 Mendenhall and Forsythe Astrophys. J. 37, 380 (1913). 
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THE INTERNAL PRESSURE OF PURE AND MIXED LIQUIDS 
By W. Westwater, H. W. Frantz AnD J. H. HILDEBRAND 


ABSTRACT 

Measurement of internal pressures. Defining internal pressure as T(dp/dT)», 
designated Ty, it can be measured on the principle of a constant volume thermometer. 
This was done for 8 pure liquids and 12 mixtures of 50 mole percent composition. 
Values for the former are given at 15°, 20°, 25° and 35°, and for the latter at 20°, 25° 
and 35°. The values of y in atmospheres per degree at 20° are as follows: 1 heptane, 
8.66; 2 acetone, 11.22; 3 carbon tetrachloride, 11.47; 4 benzene, 12.58; 5 carbon 
disulfide, 12.67; 6 ethylene chloride, 14.17; 7 ethylene bromide, 15.20; 8 bromoform, 
15.32. The values of y for the mixtures at 20° are, designating the components by 
the foregoing numbers, 1-2, 9.27; 1-3, 9.68; 1-4, 9.86; 1-5, 9.84; 1-7, 10.66; 1-8, 
10.86; 3-4, 12.19; 4—5, 12.32; 4-6, 12.92; 4-8, 14.05; 2-5, 11.77; 5-7, 13.98. 

Relations satisfied by (0p/87T),.—It was found, further, (1) that y is a function 
of the specific or molal volume only; (2) that for each pure liquid v?7, y is a constant, 
a, v being the molal volume, and 7, the temperature at which the pressure is 1 
atmosphere (a function of molal volume); (3) that the values for the mixtures are 
less than additive, less than those calculated from the equation of Biron, y= 
1¥2/(viNitYo2Nq) Where N; and Nz are the mole fractions of the components, 
here 0.5; (4) that they are given within 1 or 2 percent by the relation a=(a,a,)*/? 
except in some of the mixtures of carbon disulfide, acetone and ethylene chloride—the 
first of these is in other respects irregular,and the last two are polar; and (5) that a still 
better agreement is given by considering that v is additive. 

Indirect determination of compressibility.—The compressibility, 8, can be 
calculated by combining y with the coefficient of expansion, a=8y. In most in- 
stances, the agreement with the directly determined values is satisfactory. 


INTRODUCTION 


A* IDEAL solution has been defined by Lewis and Randall! as one in 
which the fugacity of each constituent is proportional to its mole fraction 
at all temperatures and pressures. One of us has shown? that a consequence 
of this definition is that only those liquids which have identical values for 
the change in pressure with temperature at constant volume, (0P/dT)y, 
can form such an ideal solution. Calling T(0P/d0T)y internal pressure, it is 
therefore evident that differences in internal pressure may account, at least 
in part, for deviations from ideality. Further progress in the direction of a 
more quantitative treatment of the deviations, for example, by the integra- 
tion of an equation given in Ref. 2, p. 68, seems to require more data regard- 
ing the variation in internal pressure with the composition of the mixture. 
The present investigation was undertaken to this end. 


METHOD AND PROCEDURE 


The direct measurement of (0@P/0T)y, which we will denote by vy, involves 
the use of what is essentially a constant volume thermometer. Liquid in a 


1 Lewis and Randall, Thermodynamics. McGraw-Hill Book Co., 1923, p. 221. 


? Hildebrand, J. Am. Chem. Soc. 43, 500 (1921); Solubility, Chem. Catalog Co.. 1924 
Chap. VI. 
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tube provided with a capillary stem v ' * *9 a measured increase 
in temperature and pressure was apj..ea sumcient to keep its volume 
constant. 

The bulb was of Pyrex, about 45 cm long and holding about 65 cc. The 
capillary stem had an internal diameter of less than 1 mm. In the earlier 
work carried out by the first named author, the apparatus was arranged 
as shown in Fig. 2. In the later work, under the second named, the arrange- 
ment was that shown in Fig. 1, where, instead of adjusting the mercury to 
a visible mark on a protruding and fragile capillary, an electrical contact 
was used. A solid Pyrex rod sealed to the upper end of the tube served as 
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Fig. 1(a) 








Fig. 1. Diagram of apparatus used in the later work. 


a support for the tube in the apparatus, and also as a means of introducing 
an electrically insulated lead of fine tungsten wire. It was found to be quite 
easy to soften an ordinary Pyrex tube into a solid rod about the tungsten 
wire so tightly that the tungsten-glass union showed no evidence of a leak 
under a pressure of 25 atmospheres. To this tungsten wire was gold-soldered 
a rather fine platinum wire which was anchored to the wall of the tube near 
the bottom to give it rigid support, and which terminated in a fine point 
just within the capillary, as shown in Fig. 1(b). 

The bulb was encased in an hydraulic pipe and surrounded by mercury 
at the same pressure as that applied to the liquid inside, and the whole fitted 
into a water thermostat kept at constant temperature by regulating the heat 
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input. The thermostac .__ , ‘ sit from air currents by means of a wooden 
box. The temperature was measured by a platinum resistance thermometer 
held in a duplicate bomb (W, Fig. 1) in which the pressure remained con- 
stant. This bomb served to give the same lag to the resistance thermometer 
as to the bulb, so that they should not respond unequally to changes in 
temperature. The resistance was obtained at room temperature by the use 
of a Leeds and Northrup precision bridge and corrected to 25° with the 
temperature coefficient of manganin given by Somerville.* 
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Fig. 2. Diagram of apparatus used in earlier work. 


The resistance thermometer, which was capable of being read to 0.001°, 
was calibrated at the melting point of finely crushed ice, the boiling point 
of water and the transition point of NasSO,-10 H,O. The salt was re- 
crystallized nine times from the C. P. commercial product. 

The pressure was obtained by the use of a mercury screw pump (P, Fig. 1) 
which was packed with oiled leather and gutta percha washers. The pressure 
was measured by means of three nitrogen filled Amagat manometers (M, N, 
O, Fig. 1) kept at constant temperature by circulating water from a thermo- 


+ Somerville, Phys. Rtv. 31, 261 (1910). 





138 W. WESTWATER, H. W. FRANTZ AND J. H. HILDEBRAND 


stat with a small gear pump. The three manometers were designed to cover 
different ranges. They were calibrated by comparison with an open-tube 
mercury manometer constructed of six-foot lengths of iron pipe, added on 
to the manometer in sections as the measurements were taken, with a section 
of glass tubing at the end so that the mercury could be read accurately. 
Readings were taken about every one-half atmosphere. The mercury heights 
in the gauges were read with a cathetometer, and in the open tube manometer 
with a calibrated steel tape. The calibration was made to an accuracy of 
0.01 atmosphere up to a total of 24 atmospheres. The readings on the 
manometers were plotted against pressure on a scale sufficiently large to 
permit pressure to be read to 0.01 atmosphere. 

The apparatus was constructed of extra-heavy hydraulic pipe except for 
the packing glands, which were made of soft steel. The capillary, in the first 
series, was joined to the pressure system by means of a packing gland and 
a flexible copper coil which had been lined with rubber. The coil lasted about 
a year before breaking and then the break was caused by handling and not 
by amalgamation. 

The bulb was sealed to a special distilling apparatus, and in the case 
of the pure liquids was filled by evacuating and distilling the liquid over 
phosphorus pentoxide directly into it. In the case of mixtures, these were 
previously made up by weight to an accuracy of about 0.1 percent, and the. 
tube filled in a manner which prevented evaporation of the mixture, taking 
care also that air bubbles were not trapped in the tube. The tube was then 
cooled slightly with ice, disconnected from the distilling apparatus, a small 
cup of clean mercury fastened to the open capillary end, and the whole 
placed in the mercury well. The mercury system was then closed by a heavy 
rubber washer and steel nut. Upon applying pressure to the system, the 
the liquid in the bulb was compressed and mercury rose in the capillary. 
Constant volume was maintained by the aid of a mark on the capillary in 
the first series and by electrical contact in the second, using a microphone 
hummer and a telephone receiver. 

The run was started with the pressure at about twenty to twenty-four 
atmospheres and the temperature such that a slight increase in pressure 
closed the telephone circuit. Final adjustment of the pressure was made 
by expanding the mercury in the pump with an electrical heater placed 
nearby, until contact was made. At the same instant the pressure indicated 
by the gauges was read off with the cathetometer, and the temperature of 
the thermostat was read immediately thereafter. The pressure and temper- 
ature readings were then repeated, both as a check on the readings and to 
make sure that temperature and pressure equilibrium had been established. 
Ice was added to the thermostat to lower the temperature from 0.1° to 0.2°, 
and, after a ten minute interval to permit equalization of the conditions, 
the measurements were repeated. This was continued until the pressure 
was down to one or two atmospheres. In one case the temperature was again 
increased, and measurements taken in the higher pressure and temperature 
range. These values were consistent with the others taken with decreasing 
temperature. 
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The temperature was then raised about five degrees, allowing the excess 
liquid due to expansion to spill out into the mercury system, and the series 
of measurements repeated. Four such runs were made for each liquid at 
approximately 20°, 25°, 30°, and 35°. 

The pressure was read to an accuracy of 0.01 atmospheres, over a twenty 
atmosphere range, and the temperature to an accuracy of 0.001°C over 
about a two degree range for each run. The graph of pressure against tem- 
perature showed a strictly linear relationship, the individual points seldom 
varying more than 0.03 atmosphere from the line. The pressure-temperature 
coefficient for each run should, therefore, be accurate to about 0.03 at- 
mosphere per degree. The variations in the value of the constants a in 
Table I indicate that we can claim conservatively an accuracy of 0.5 percent 
for the smoothed out results. 

A correction is necessitated by the fact that the volume of the glass vessel 
is not strictly constant. When the temperature is increased by AT and the 
pressure by Afots., the change in internal volume of the glass, Av=va’/AT — 
vB’Apovs., Where a’ and f’ are the coefficients of expansion and compressibility 
of the glass. If Av were 0, Ap..,./AT would give the true value of y, but 
since this is not the case, extra pressure, Ap—Ap,»s. would have to be applied 
to the liquid contents to compensate for Av, i.e., Apb—Ap.»,.=Av/vB, where 
B is the coefficient of compressibility of the liquid. This gives Ap—Apops. = 
a’'AT/B—B’Ap/p. Dividing through by AT and setting Ap/AT=y, and 
Abors./AT =Yovs., we obtain Y = Yovs.(1 —8’/B) +a’/B. 

The value a’ for Pyrex glass is 1.08 X10-* at 20°, according to Buffington 
and Latimer. The compressbility, according to Bridgman,‘ is 3.0610-, 
using the atmosphere as the unit of pressure. The values of 8 are in general 
not known for the mixtures used, so we have simply assumed the mean com- 
pressibility of the components, which doubtless suffices for the purpose of 
the correction. 

The heptane, benzene, carbon tetrachloride, and carbon bisulphide were 
purified by the methods used by previous workers in this laboratory.® In 
each case the boiling point was constant within 0.1°5 when the substances 
were distilled shortly before use. Kahlbaum’s bromoform, and the Eastman 
Kodak Company’s ethylene bromide were each shaken with sodium carbon- 
ate solution, washed with water, dried with calcium chloride for 36 hours, 
and then subjected to three fractional crystallizations, after which the 
bromoform had a melting point of 7.8°C constant within 0.1°, and the 
ethylene bromide had a melting point of 9.5°C constant to 0.05°5. Kahl- 
baum’s acetone prepared from the bisulphite compound was dried with 
calcium chloride and redistilled, the boiling point being constant to 0.05°%. 
The ethylene chloride used was the middle portion from a single fractionation 
of the Kahlbaum material which boiled within .0.1°. 


‘ Buffington and Latimer, J. Am. Chem. Soc. 48, 2305 (1926). 

5 Bridgman, Am. J. Sci. [5] 10, 359 (1925). 

* Hildebrand and Jenks J. Am. Chem. Soc. 42, 2181 (1920); Hildebrand and Buehrer 
Ibid. 42, 2213 (1920). 
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The liquids were selected so as to show a wide range in , and were mostly 
of low polarity. Acetone was introduced to have one highly polar substance, 
and ethylene chloride as one of moderate polarity. 

Table I gives observed values of y as determined by the slopes of the plots 
of values of p against ¢, made carefully on a large scale. The linear relation- 


TABLE I 
‘alues of y for pure liquids. 
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ship between p and ¢ is very striking, showing y to be a function only of the 
specific or molal volume of the liquid. The table gives values for the molal 
volume, vV, calculated from the temperature at which the pressure is 1 
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atmosphere by the aid of the densities given in the International Critical 
Tables and the coefficients of expansion given in Landolt-BérnsteinTabellen. 

It is interesting, of course, to inquire into the functional relation between 
y and v. The van der Waals equation, 


pta/v?=RT/(v—5d) 


may be compared with the thermodynamic equation of state 


(ar) > Gr): 


which suggests trying y=R/(v—b). This we found to be altogether un- 
satisfactory, due undoubtedly to lack of constancy of b. The use of some more 
cumbersome equation expressing } in terms of two or more empirical con- 
stants seemed hardly worth while. However, the term a/v? seems to be much 


TABLE II 


Smoothed out values of y for pure liquids. 








Liquid vT,v? - 10-¢ =” 20° 25° 35° 





Heptane 5457 j 145.76 "pee 146.66 fe 147.57 .44 
8.93 8.66 8.41 7.93 


Acetone 1788 72.76 73.71 73.85 74.96 
11.72 11.22 11.00 10.33 


Carbon 
tetrachloride 95.92 96.48 97 .07 98 .28 
11.81 11.47 11.15 10.52 


Benzene 88 .30 88 .82 89 .34 90.70 
12.95 12.58 12.23 11.49 


Carbon 
disulfide 59.95 60.27 60 .63 61.38 
13.04 12.67 12.31 11.63 


Ethylene 
chloride y 78.02 78.72 78 .86 79.80 
14.67 14.17 13.88 13.11 


Ethylene 
bromide y 85 .69 86.10 86.51 87 .36 
15.61 15.20 14.80 14.05 


Bromoform y 87 .06 87.48 87.91 88.78 
15.74 15.32 14.92 14.15 








more satisfactory, for letting T=7 , the temperature at which p=1, we 
have a=v?(T,y—1). The 1 can be neglected, giving a=v?7Ty. This may 
not appear to indicate that y is a pure function of v, but it must be remem- 
bered that when p=1, v=f(T;). We retain the term 7) as the expression is 
much more convenient in this form than it would be if we should eliminate 
T, by the aid of some empirical expression connecting v and 7}. 
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Table I shows the constancy of a to be very satisfactory. We have, there- 
fore, used the mean values of a to calculate values of y at the even tempera- 
tures 15°, 20°, 25° and 35°, given in Table II. 

This procedure was impossible, however, in the case of the liquid mix- 
tures, given in Table III, due to lack of figures for the densities and co- 


TABLE III 


Values of y for 50 mole percent mixtures. 








Heptane t. 19.59 .60 31.27 36.06 20.00 YB 
Acetone Obs. 9.46 .13 8.80 8.53 
Correc. 9.28 .98 8.66 8.39 9.27 


Heptane t. 18.75 .69 30.67 37.32 
Carbontetra- Obs. 9.93 .53 9.26 8.78 
chloride Correc. 9.76 .37 9.11 8.64 
Heptane :. 18.16 .99 28.50 35 .02 
Benzene Obs. 10.05 .78 9.44 9.28 
Correc. 9.87 .60 9.27 9.12 


Heptane t. 19.82 .98 30.45 34.96 
Carbon disulfide Obs. 10.04 aa 9.43 9.03 
Correc. 9.85 .55 9.26 8.87 


Heptane t. 17.78 95 33 .06 40.56 
Ethylene Obs. 11.10 By 10.07 9.70 
bromide Correc. 10.84 .33 9.85 9.49 


Heptane 20.41 .88 


t. — — 
Bromoform Obs. 11.11 81 = — 


Correc. 10.84 .55 


Benzene ‘. 17.42 .78 31.06 .12 
Carbontetra- Obs. 12.67 01 11.54 11.20 
chloride Correc. 12.37 .74 11.28 10.95 


Benzene ‘. 17.70 .96 30.25 36.26 
Carbon disulfide Obs. 12.78 ae 11.96 11.53 
Correc. 12.47 .07 11.68 11.26 


Benzene . 17.25 Bi! 29 .68 35.81 
Ethylene Obs. 13.46 .03 12.73 12.39 
chloride Correc. 13.09 .67 12.39 12.06 


Benzene ¢. 17.64 .77 28.24 — 
Bromoform Obs. 14.70 .28 13.90 — 
Correc. 14.20 81 13.44 — 


Carbon ¢. 18.51 .40 28.24 32.59 
disulfide Obs. 12.13 85 11.45 11.15 
Acetone Correc. 11.87 .60 13.2 10.92 


Carbon :. 18.51 .67 28 .36 32.54 
disulfide Obs. 14.55 .12 13.74 13.39 

Ethylene Correc. 14.10 .69 13.32 12.98 13. 13.58 
bromide 








efficients of expansion. We, therefore, smoothed out the results by plotting 
log y against 7; which should give nearly a straight line. Table III contains 
the smoothed out values for 20°, 25° and 35°. __ 

The main problem could now be approached, that of the relation between 
the values of y for the pure liquids and for their mixtures. Table IV gives 
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again the values for the pure liquids at 25°, and in the third column of figures, 
the observed values for the mixtures. In the fourth column are values for 
the mean, which are, in nearly all cases, greater than the observed values. 
The deviation from additivity in column five is, in general, greater the 
greater the difference between y; and 72. In the sixth column are figures 
calculated from an empirical expression of Biron,’ y=y17y2/(y¥1N1+7Y2N2), 


TABLE IV 


Comparison of observed and calculated values of y for mixtures at 25°. 








Obs. Mean Diff. Biron Diff. | a=(a.a:)/2 Diff. Additivity Diff. 
of yv 





. Heptane- 
acetone . ‘ d . ‘ . ’ : 9.27 0.27 

. Heptane- 
carbon 
tetra- 
chloride 

. Heptane- 
benzene 

. Heptane- 
carbon 
disulfide 

. Heptane- 
ethylene 
bromide 

. Heptane- 
bromoform 

. Benzene- 
carbon 
tetra- 
chloride my x a3 a F ‘ F ‘ —0.07 

. Benzene- 
carbon 
disulfide ee , / " ' J , ‘ —0.18 

. Benzene- 
ethylene 
chloride ode ‘ i d . 3. . +0.34 

. Benzene- 
bromofo : : 3.5 : —0.19 

. Carbon- 
disulfide 
acetone 2.2 . ; +0.10 0.17 

. Carbon- 
disulfide- 
ethylene 
bromide od 14.80 13.58 3.56 —0.02 3. —0.14 —0.50 0.19 























Mean square of difference 0.192 0.099 0.167 0.066 








where N; and N2 are the mole fractions of the liquids in the mixture, here 0.5- 
It can be seen that while the agreement with the observed values is better 
than in the preceding column, it is still unsatisfactory. 

In the eighth column are calculated values for y, calculated upon the basis 
so often used in van der Waals theory that a=(a,a2)'/*. This gives y= 
V:V2(7172)!/2/v?, where v is the molal volume of the mixture. For the systems 
here used, this is probably slightly more than additive. Values given in 
Ref. 2, p. 63, show that the expansion on mixing is usually less than 1 percent. 
We may, therefore, write as an approximation 


v= 4vive(yiv2)!/?/(vitve)?. 


The values so calculated are fairly satisfactory, except in the cases involving 
carbon disulfide. It should be noted, however, that since the calculated 
values are generally less than the observed, the use of the true molal volumes 
for the mixtures would make the agreement worse. 


’ Biron, J. Rus. Phys. Chem. Soc. 44, 1264 (1912). 
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The last two columns represent the agreement shown by calculatedvalues 
for y upon the basis of additivity of vy. The results are usually somewhat 
larger than the observed. The agreement would be better if we could use the 
actual molal volumes for the mixtures instead of the mean molal volumes. 
This method gives the least average departure, as shown by the smallest 
mean square deviation. We find, as would be expected, that the mixtures 
containing a polar constituent show a less satisfactory agreement. 

Since the linear nature of the relation between p and T for liquids assists 
greatly in its accurate determination, it offers a means for the indirect deter- 
mination of the compressibility, 8, by aid of the coefficient of expanison, a, 


Pare ae 


TABLE V 
Compressibility at 1 atmosphere and 20°. 








Liquid Y aX 10° 
Calc. Obs. 


PS 





em 


Heptane 8.66 122018 1409 134019 

Acetone 11.22 14878 1325 1176° 

Carbon tetrachloride si. 122119 1064 99211 

12368 1078 1045" 

Benzene 12.58 1248" 992 9532 

123755 983 900° 

Carbon disulfide 12.67 1218} 961 920" 

1190'° 939 932 

Ethylene bromide 15.20 96710 636 604° 

60017 

Bromoform 15.32 (939) 10* (613) 492" 

Cale. 754 

Ethylene chloride 14.17 1161 819 785" 

11721° 827 
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through the relation 8=a/y. Table V gives values so calculated, together 
with some directly observed values. In the case of bromoform, the un- 
certainty in the observed value of a makes it logical to use the probably 
rather accurate values of y and @ to correct the value for a. 


CHEMICAL LABORATORY, 
UNIVERSITY OF CALIFORNIA, 
October 1927. 


8 Zander. Lieb. Ann. 214, 138 (1882). 

® Richards and Shipeley, J. Am. Chem. Soc. 38, 989 (1916). 

10 Thorpe. Proc. Roy. Soc. 24, 283 (1876). 

4 Richards, Stull, Mathews and Speyers, J. Am. Chem. Soc. 34, 971 (1912). 
2 Tyrer. J. Chem. Soc. 103, 1675 (1913). 

13 Pierre, Ann. Chim. phys. [3] 33, 199 (1851). 

4 Louguinine, Ann. Chim. phys. [9| 11, 453 (1867). 

% Kopp, Pogg. Ann. 72, 1 (1847). 

16 Bridgman, Proc. Amer. Acad. 49, 1 (1913). 

17 de Heen. Acad. Belg. (3) 9, (1885). 

18 Bartoli and Stracciati, Atti Linc. (3) Mem. d. fis. 19, 643, (1883-1884). 
19 Bartoli. Rend. Lomb. (2) 28 (1896). 

* Impure, since melting point was 2.5° instead of 7.8°. 
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BOOK REVIEWS 


The Logic of Modern Physics. P. W. BripncMan. Pp. 228+xiv. The Macmillan 
Company, New York, 1927. Price $2.50. 

“One of the most noteworthy movements in recent physics,” Professor Bridgman says 
in his introduction, “is a change of attitude toward what may be called the interpretative 
aspect of physics. It is being increasingly recognized, both in the writings and in the con- 
versation of physicists, that the world of experiment is not understandable without some 
examination of the purpose of physics and the nature of its fundamental concepts We 
have the impression of being in an important formative period; if we are, the complexion of 
physics for a long time in the future will be determined by our present attitude toward funda- 
mental questions of interpretation.” 

Professor Bridgman starts from the question: What is the nature of physical concepts? 
By a physical concept is meant what in the quantum mechanics is called a physical quantity 
such as velocity, or temperature. In particular, how do these concepts differ in character, 
in definition, from those of pure mathematics? The answer to this question is suggested by 
the theory of relativity: a physical concept is defined, not by its properties, but by experi- 
mental operations; it is synonymous with the set of operations involved in measuring it. Thus 
physics is not, like pure mathematics, tautological; for the properties of its concepts are not 
assigned by definition, but are discovered. Two of the more immediate consequences of this 
definition are developed in the first chapter. The former is that a concept may cease to exist 
when the operations defining it become impossible; and that concepts with the same name may 
be operationally quite distinct. Thus terrestrial length isa different concept from astronomical 
length, and may be expected, a priori, to have different properties. This involves the thesis 
that the equations satisfied by physical quantities may change when the operational definition 
of the quantities change. The second consequence is this: statements involving concepts that 
are not physically-operationally-defined, are physically meaningless. Professor Bridgman 
suggests that this criterion of significance may with advantage be applied in other fields. 

The remainder of the book is concerned with the application of these views. Chapter 2 
deals with approximation, explanation, models, and the réle of mathematics. It is held that an 
explanation differs from a description only in that the elements of the explanation are familiar, 
so that what is at first merely a description may become in time an explanation; that mechanical 
models have only a very limited usefulness, and that an insistance upon them is pernicious; 
and that mathematics may prove misleading, because it does not express the change in the 
character of a concept when the scale, and therefore the operational definition, changes. It 
would seem that the transformation theory in quantum mechanics, which is based upon the 
commutation rules and the notion of almost diagonal matrices, furnishes an exception to this 
last statement. 

Chapter 3 gives a brief discussion of the more important concepts of classical physics, and 
of the theory of relativity. Of particular interest are the section on electrical concepts, and the 
treatment of identity as the basis of experimental-applied-arithmetic. Chapter 4 treats 
of certain general hypotheses of physical theory: the simplicity of the laws, the finiteness of 
the elements, and determinism; and it does not pretend to quite the same certainty as the 
earlier chapters. Professor Bridgman finds the evidence rather against the first two hypotheses, 
and rather in favor of the third; but the reviewer thinks it is possible that the quantum 
mechanics might reverse these findings, and is nearly certain that it would reverse the third. 
All three questions are, of course, to be decided empirically. 

The book was written before the development of the quantum mechanics; and it may be 
noted that this theory conforms very closely to Professor Bridgman’s predictions. Thus the 
failure of the equations of classical mechanics is to be traced to the change in the operational 
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definition of the dynamical variables; it is in this sense that the new mechanics is essentially 
a new kinematics. Experimental considerations alone, according to Heisenberg, show that it 
is impossible to assign, in a single experiment, numerical values to two sets of quantities 
which do not “commute.” The passage from one experiment to another is thus a passage from 
a situation where one set has numerical values, to one in which another has numerical values; 
and this is the physical basis of the transformation theory. In his paper Heisenberg says of the 
electronic orbit: “Die Bahn ensteht erst dadurch, dass wir sie beobachten.” That is the 
operational definition of the electronic orbit. 

It should be added that, for those who will test the cogency of Professor Bridgman’s 
argument, this specific confirmation is unnecessary. The book is to be urgently recommended 
to those interested in physics. 

J. R. OPPENHEIMER 


Proceedings of the Second International Congress for Applied Mechanics held in 
Ziirich, Sept. 12-17, 1926. 2721 cm, xii+546 pages, with 364 figures and 33 plates. 65 Swiss 
francs. Orell Fiissli, Ziirich, 1927. 

This book contains a complete reproduction of all the formal communications presented 
to the Congress; it would have made a book of prohibitive size to attempt to reproduce tht’ 
discussion. The work of the Congress was done in general sessions, at which lectures of general 
interest were given, and in smaller meetings of three sub-sections, held simultaneously, and 
devoted to more special topics. The following is the list of general lectures: E. Meissner, Elastic 
Transverse Surface Waves; E. Jouguet, The Thermodynamic Theory of the Propagation of 
Explosions; Th. v. Karman, On Limiting Elastic States; P. Debye, Molecular Forces and their 
Significance; G. J. Taylor, The Distortion of Single Crystals of Metals; P. W. Bridgman, Some 
Mechanical Properties of Matter under High Pressures; L. Prandtl, On Complete Turbulence; 
C. Carmichael, On the Theory of Water Hammer; B. M. Jones, The Control of Stalled Aerd- 
planes; T. Levi-Civita, On Collisions in the Problem of Three Bodies. The section meetings 
were devoted to general mechanics, the mechanics of solid bodies, and hydro- and aero- 
mechanics. In these, 86 papers were given, which ranged from the most abstract mathematical 
discussions of problems which can be treated by the methods of potential theory which con- 
stituted the mathematical physics of thirty years ago, to the most practical problems of the 
statics of reinforced concrete or the erosion of metals. 

It is obviously quite impossible even to mention the subjects of most of the papers given; 
most of these were of exclusively technical interest, and would not be suitable for review here. 
All that can be done is to pick out the few papers of chief interest to physicists. The lecture 
by Debye contains an account of recent successes in explaining various properties of matter 
in terms of the forces of electrical origin, arising either from ions, or permanent dipols, or dipols 
produced by soft polarization. The physicist will be interested in this as giving a general 
survey of an important field in which much of the progress has been due to Debye’s own contri- 
butions. It is significant of the temper of the European engineer that a lecture of this funda- 
mental physical character was thought to be a useful preliminary to the technical discussions. 
The lecture of G. J. Taylor describes recent work on the distortion of single iron crystals, 
and shows how the facts may be explained by assuming that slip in an iron crystal takes 
place as in a stack of lead pencils instead of as in a pack of cards, which is the mechanism of the 
cases investigated hitherto. In the section meetings, papers by Ono, Schmid, and Miss Elam 
on the plastic deformation of single crystals are of importance as disclosing the nature of 
crystal structure. A paper by Weissenberg on the geometrical structure of matter is of physical 
interest because of the generality of its point of view. A paper by Perrier and de Mandrot on 
the elasticity and symmetry of quartz at high temperatures is of importance because of the 
insight it gives into the mechanism of the polymorphic transition of quartz, and for its suggest- 
iveness as to polymorphic transitions in general. 

In addition to the papers of physical interest, a considerable number of the papers were 
of interest to pure mathematicians; among these may be mentioned the paper of Levi-Civita. 

An American, turning the pages of this report, or attending the Congress as I did myself, 
cannot but be impressed by the background of mathematical and physical knowledge, and the 
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command of the tools of mathematics and physics, which the European engineer brings to the 
problems of his profession. The familiar jocose definition of an engineer as a half educated 
physicist was not made in Europe. 

P. W. Bridgman 


Light. F. Bray. Pp. 284+-xii, 234 figs. 5 plates. Longmans Green and Co., New York, 
1927. Price $2.25. 

This volume will serve as an excellent introduction to the study of light for first year 
students. The author has broken away from the style of older texts which he believes to be too 
comprehensive for beginners. There are many illustrations from everyday life, the historical 
aspects of all the fundamental principles are emphasized, and a large number of illustrations 
and diagrams are employed. These devices plus the use of readable language are designed to 
“remove that mental indolence in boys which is so often the result of want of interest.” 

Part I contains the more elementary material and is an introductory course in itself. 
The first chapter is a brief history up to Young’s verification of the wave theory. The usual 
topics are treated in the succeeding chapters, a novelty being the devoting of an entire chapter 
to the eye and vision. Optical instruments are discussed from the point of view of the develup- 
ment of each device from its inception on through to the modern improved models. Part II 
takes up the development of the wave theory, all difficult mathematical treatments being 
omitted. There is an elementary introduction to simple harmonic motion, and particularly clear 
and lucid chapters on interference, diffraction, and polarization. 

Wittiam W Watson 
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PROCEEDINGS 
OF THE 
AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE CHICAGO MEETING, NOVEMBER 25 AND 26, 1927. 


The 147th meeting of the American Physical Society was held at the 
Ryerson Physical Laboratory, Chicago, Illinois, on November 25 and 26, 
1927. The presiding officers were Professor Karl T. Compton, president of 
the Society, and Dean Henry G. Gale, vice-president of the Society. Morning 
and afternoon sessions were held with an attendance of about one hundred 
and sixty-five. The Saturday morning session was divided into two sections. 

On Friday evening the Society held an informal dinner at the Quadrangle 
Club, attended by ninety-five members and guests. 

At the regular meeting of the Council held on Friday, November 25, 1927, 
one was elected to fellowship, one was transferred from membership to fellow- 
ship and sixty-seven were elected to membership. Elected to Fellowship: 
Frederick G. Keyes. Transferred from Membership to Fellowship: O. S. 
Duffendack. Elected to Membership: O. L. Abell, Allen Astin, Charles S. 
Barrett, James H. Bartlett, Jr., Harold F. Batho, Paul S. Bauer, W. R. 
Bennett, Otto B. Blackwell, H. A. Blair, Katherine Blodgett, Paul E. Bouch- 
er, Arthur Bramley, George F. Brett, George C. Campbell, J. C. Cavender, 
Victor Cofman, Irving S. Cranford, J. H. Dillon, Donald Dooley, L. T. 
Earle, Howard Ecker, S. A. Goudsmit, Marie Goyer, Robert W. Graves, 
Earl J. Haverstick, K. L. Hertel, Harold J. Holmquist, Lauis E. James, 
Thomas J. Jones, Ralph B. Kennard, Foster E. Klingaman, Dewey D. 
Knowles, James F. Koehler, J. E. Lambly, William D. Lansing, Andrew 
Longacre, Alfred L. Loomis, Ralph A. Loring, Guilford W. Louthan, Charles 
G. Mcllwraith, Stephen Nile, Jr., Henry M. O’Bryan, Sister Michael E. 
O’Byrne, K. A. Oplinger, Harold Osterberg, Gerald M. Rassweiler, George 
A. Read, Herbert H. Reichard, Burt Richardson, Otto F. Ritzmann, P. E. 
Roller, Yale K. Roots, Winfield W. Salisbury, Marcel Schein, Lawrence E. 
Scudder, Herschel Smith, Simon Sonkin, Lee Sutherlin, Victor Vacquier, 
Lester C. Vanetta, Jr., Sister Magna Werth, Neill Whitelaw, Gustave Wiede- 
man, Harry J. Winslow, Lawrence A. Wood, Irygve D. Yensen, Clarence 
Zener. 

The regular scientific session consisted of fifty-two papers (seven of which 
were read by title), abstracts of which are given on the following pages. An 


AUTHOR INDEX will be found at the end. 
HAROLD W. WEBB, Secretary. 
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ABSTRACTS 


1. A proposed method for determining whether or not an electron has a magnetic moment 
comparable with that of a hydrogen atom. V. M. ALBERs AND T. E. Puipps, University of 
Illinois—The magnetic moment of the hydrogen atom has been measured by Phipps and 
Taylor and found to be 6050 gauss cm per gram atom. This may be due to the electron in the 
atom having a magnetic moment. Phipps and Taylor have suggested a means of measuring this 
magnetic moment by passing a beam of electrons through a region in which an inhomogeneous 
magnetic and an inhomogeneous electric field are superimposed. Brillouin has suggested 
that if a beam of electrons is passed into an inhomogeneous magnetic field at an angle @ to the 
direction of the field, the electrons will so orient themselves that part of them will have the 
velocity component parallel to the field increased while the others will have this velocity 
component decreased. If the velocity is gradually decreased a value should be reached such 
that the electron current will change from i toi/2. The authors are planning to try a modifica- 
tion of the method proposed by Brillouin in which the electrons will be generated within the 
magnetic field and will then travel parallel to it. This removes the difficulty of leading a beam 
of electrons into a strong magnetic field. 


2. Measurements of non-homogeneous magnetic fields. J. KuNz AND J. T. TYKOCINER, 
University of Illinois—The method proposed by these authors has been applied to the non- 
homogeneous magnetic field which is used in the determination of the magneton. The pre- 
cautions necessary for accurate measurements are indicated and the results so far obtained are 
given. 

3. Magnetic properties of evaporated films of nickel. K. J. MILLER, University of lowa.— 
Films of nickel on a base of aluminum foil produced by evaporation from a white hot filament at 
pressures less than 4 X 10~* mm of mercury were tested by a ballistic method in fields up to 167 
gauss. Temperatures of the depositing base ranged from 100° to not less than 250°C. The 
coercive force reached a value approximately three times the value for hard drawn nickel wire 
from which the films were made. The values of the coercive force increased with the amount of 
heat applied to the film during deposit. These values agreed in magnitude with the results 
previously published and were found to decrease gradually with increasing thickness of the 
films. No thickness which was critical with respect to the coercive force was found up to 331 
millimicrons. Values of the retentivity were observed as high as 60% and a variation with the 
temperature of deposit but none with the thickness was apparent. Results point to a structural 
difference between these films and bulk metal which is quite separate from any effect due to the 
base and probably dependent upon differences in crystal size. 


4. Comparison of Corbino and Hall effects in silver and brass. K. K. SmirH AND H. M. 
O'Bryan, Northwestern University.—The Corbino effect, measured by the torque on a circular 
disk carrying a radial current in a magnetic field gave (Phys. Rev. 8, 402 (1916)) a coefficient E 
of the same order of magnitude as R/p, where R is the Hall coefficient, and p the resistivity. 
But for each metal tested E was considerably less than R/p. The method of measuring the 
Corbino effect has been improved in order to determine whether there is a real discrepancy. 
The torque acting upon the disk is balanced by sending a controlling current through one turn 
of insulated wire encircling the disk. The currents are led in and out through two pairs of spirals 
of silver ribbon. In fields of 8880 and 10100 gausses, E for silver is —5.9X 10-7 and —5.8X10~’, 
respectively. Using a rectangular plate of silver, we find, by the method devised by Heaps 
(Phys. Rev. 12, 340 (1918)), E=—5.0X10-’, and R= —8.6X10~, which agrees well with 
accepted values of the Hall coefficient. Taking this value of R, and the average value of E, we 
have R/E=1.5 X 10°, which is approximately equal to p for silver. Measures on a rectangular 
plate of brass indicate, likewise, that the theoretical relation is satisfied. 


5. Resistance change of bismuth single crystals in a longitudinal magnetic field. G. W. 
SCHNEIDER, University of lowa.—The change of resistance of single crystal wires of bismuth 
by a longitudinal magnetic field is found to be proportional to a power, slightly less than 2, of 
the field strength from 0 to about 3500 gauss. For a constant field strength (3480 gauss), the 
resistance change as a function of the crystal orientation (angle between vertical axis and 
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length of wire) shows maxima at orientations of 60° and 80°, and minima at 0°, 73°, and 90°. 
A single specimen whose orientation is subsequently changed by grinding shows a similar varia- 
tion of resistance change with orientation. The specific resistance obeys the Voigt-Thomson 
symmetry relation. 


6. Experimental test of Maxwell’s distribution law. J. A. ELDRIDGE, University of lowa.— 
A number of revolving coaxial discs with peripheral slots were used as a velocity filter. The dis- 
tance between terminal discs was 12.7 cm and with a speed of 85 revolutions this gave a disper- 
sion on the measuring plate of 1 mm for 2140 meters/sec. Cadmium vapor was used, the mole- 
cules being condensed upon a cooled glass surface after passing through the filter. The intensi- 
ties of deposit were measured and were in rather satisfactory agreement with Maxwell's dis- 
tribution law. 


7. The problem of the normal hydrogen molecule. S. C. WAnG, Columbia University.— 
The solution of Schroedinger’s equation for the normal hydrogen molecule is approximated by 
the function cf em20, +, a+ e-str,+?,)/a} where a=h?/4x°me*, 7, and p, are the distances of one 
of the electrons to the two nuclei, and r2 and p2 those for the other electron. Then Z is so deter- 
mined as to minimize the variational integral which generates Schroedinger’s equation ; besides, 
this minimum value just gives the approximate energy E. Strictly speaking, for every nuclear 
separation D there is a Z which gives the best approximation. In our calculation, however, we 
determine only that value for Z which corresponds to the D where the E-curve regarded as a 
function of D has a minimum and we use this same Z to compute the energy value at other 
separations. This minimum of E is found to be 2.278 Xthe energy of a normal H-atom. It 
occurs at D =1 - 41a which gives to the hydrogen molecule a moment of inertia J =4.59 X10™ 
gr.cm?. From the curvature of the E-curve at this equilibrium point we obtain also the normal 
nuclear vibrational frequency vo= 1.46 X 10" sec~. These results should be compared with the 
values E=2.326R and v»9=1.277 X10" sec"! obtained by Witmer from spectroscopic data. 


8. The Zeeman effect for hydrogen in relativistic wave mechanics, and an application of 
the virial theorem. ArtTHUR E. Ruark, Mellon Institute of Industrial Research, University 
of Pittsburgh, and Gulf Production Companies.—Using the relativistic wave equation, the 
Zeeman levels of hydrogenic atoms are determined, neglecting terms in H?. The frequency of 
the Larmor precession is found to be L=L»o(1+E/mc?). Here Lo is the frequency of precession 
obtained by Newtonian mechanics and E the energy of the atom. This agrees with a formula of 
Pauli obtained by ordinary relativity mechanics. (Zeit. f. Phys. 31, 373, (1925)). The virial 
theorem shows that in a system of particles attracting or repelling each other with inverse 
square forces, twice the average kinetic energy is equal to the negative of the average potential 
energy. The generalization of this theorem which holds when a uniform constant magnetic 
field is present is deduced, and is applied to the theory of the Zeeman effect. 


9. I. A unified theory of gravitation and electricity. CuestTER SNow, Bureau of Standards.— 
All mass has electrical and (imaginary) magnetic field-producing aspects. Gravitation is de- 
scribed by two vectors e, hk with field and force equations in which invariant mass is imaginary 
magnetism. Gravitation is propagated with the same velocity as electromagnetic light, its 
Poynting vector being [h, e]. Both kinds of light are deflected by gravitational and electro- 
static fields. The metric tensor is not identified with gravitation but both fields are given symme- 
trical roles in determining it. Equations adopted for the metric field are G*” —}g*"G =8ryc* 
(M**+E*"—-ye*"), gravitational field (f#"),=—4mapodx"/ds, electromagnetic (F*"),= 
4roydx"/ds, where f,, and F,, are each antisymmetric and curl of a potential. Particles depart 
from a four-dimensional geodetic line with equations of motion c?M(#*+Tas"t%x*) = —(QFa" 
++7Mf.")**. The theory gives the same advance of perihelion and bending of starlight by sun 
as Ejinstein’s, but is mathematically distinct from his. Electric and magnetic (gravitational) 
charges are relative (like velocity) and physically indeterminate. They appear as projections of 
a charge-vector upon the time-like electrical axis and the space-like imaginary magnetic axis, 
which we may (and do) choose arbitrarily. Rotation of these axes in their plane would enable 
us to give an electron zero electric or zero magnetic charge, thus altering the form but not the 
content of our description of nature. 
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10. Corpusc.ar theory of light and gravitational shift. G. Y. Rarnicu, University of 
Michigan. (Introduced by W. F. Colby.)—Usually the prediction of spectral shift in the light 
coming from regions of higher gravitational potential is based on the consideration of emitting 
atoms as oscillating mechanisms, and the shift is connected with retardation of clocks. In this 
paper the question is considered in a more formal way from the point of view of the corpuscular 
theory of light in the form which it takes in the relativity theory. In the special theory a light 
ray, or photon, is considered as given by a vector of zero length freely movable along the line 
of its direction. It follows that all rays of light are absolutely equal, the difference in color is due 
to the difference in position with respect to the reference system (Doppler effect). In the general 
theory motion along a curve leads to a geodesic; colors of different rays can not be compared 
unless some universal time is introduced, but this question is not further discussed except in the 
special case of a centrosymmetric field where a preferred time exists. In this case the discussion 
is completed and leads to the usual result. 


11. The spectrum of the solar corona. IRA M. FREEMAN, University of Chicago (Introduced 
by H. B. Lemon).—Two thirds of the “unknown” lines of the coronal spectrum, (as given by the 
complete list of Campbell and Moore, Lick Observ. Bull., 10, (1918)), have been identified with 
argon. About half of these have been fixed by direct comparison with known lines in the 
terrestrial spectrum of argon, and half are given by combinations of Meissner’s term values 
for this element. Almost all of the strong coronal lines are among those identified. Because of 
the presence of Ca II in extremely high levels in the solar atmosphere, it was thought that the 
unknown lines might be attributed to this substance or to Ca III, as suggested by Pannekoek. 
No very close agreements in wave-length are found by comparison with the Ca spectra, but 
accurate pairing is possible with the lines of the argon atom, which, of course, has a structure 
much like Ca III. Another phase of the investigation disclosed seventeen groups of constant 
wave-number separations among the coronal lines; an arrangement of almost all the lines on a 
linkage diagram, similar to those employed by Hicks in his study of the complex spark spectra, 
isgiven. The linkage scheme has several interesting features; and the equality of three of the 
links with term differences in argon first suggested the identification. 


12. The spectrum of beryllium. W.H.SANDERs AND V. M. ALBERs, University of Illinois.— 
The spectrum of beryllium has been photographed in the ultraviolet and visible regions using the 
vacuum spark as a source. A large number of lines have been measured. The arc in air and 
the spark in air have also been used as sources in the visible and infra-red regions. No lines of 
wave-lengths longer than 5271A have been obtained from the vacuum spark but some appear 
between 5000 and 8500A when the spark in air is used as a source. The band spectrum of BeO 
shows up very strongly when the arc in air is used as a source and it also appears when the spark 
in air is used, although much weaker than in the arc. The band spectrum is being studied for the 
purpose of determining the series relationships of the lines that make up the bands. 


13. The vacuum spark spectrum of aluminum. R. F. Paton anp G. M. RASSWEILER, 
University of Illinois—During an investigation of the spectrum of beryllium by Paton and 
Sanders in 1925, several photographs weretaken of the vacuum spark spectrum of a beryllium- 
aluminum alloy. As known lines of aluminum appeared with considerable intensity, it seemed 
possible that some previously unobserved lines of this element might be present. Accordingly, 
a study of the vacuum spark spectrum of a sample of very pure aluminum was undertaken, using 
a quartz spectrograph. Particular attention was paid to the maintenance of very high vacua in 
the spark chamber in order that the voltage across the terminals might be high and the energy 
large. Long exposures yielded a surprisingly large number of new lines which are attributed to 
aluminum. Over forty have been listed in the region \2200A to ASO00A, all of these forty appear- 
ing on several plates. Unexpected differences occur in the intensities of known aluminum lines 
on different plates apparently taken under similar conditions. Indeed, many of the heaviest 
lines listed by Paschen may be missing on one plate while appearing on other plates having in 
many respects the same intensity. 


14. The spectra of tin and their Zeeman effects. J. B. GREEN, Ohio State University and 
R. A. Loring,’ Northwestern University.—(1) Zeeman Effects of the lines of the tin spectrum 
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have enabled the authors to classify the spectra of tin in the neutral state and in two stages of 
ionization. (2) The spectrum of neutral tin has 5 low levels, *Poi2, 'D2', 'S;’, due to the configura- 
tion 5262. The configuration 526; yields *P 92’ and 'P,’. The configuration 5253 yields twelve terms 
of which the lowest four are definitely established. Pauli’s g-sum rule is found to be valid. The 
ionization potential of Sn I is calculated as 7.37 +.05 volts and the resonance potential 4.30 
volts. (3) The spectrum of Sn II is a doublet spectrum like In I and the principal doublet 
separation found from some results of Lang is found to be 4353 cm™. Several series are noted, 
including lines due to abnormal states, the electrons having the configuration 5.5252. The 
ionization potential is computed as approximately 14.5 volts and the resonance potential 6.5 
volts. (4) The spectrum of Sn III consists of singlets and triplets, like that of Cd I. Several] 
series are noted, and the ionization potential calculated as about 30 volts, and the resonance 
potential as 6.81 volts. A very strong group in the extreme ultra-violet is classified as a pp’ 
group. (5) Application of the regular doublet law leads to possible classifications in the spectrum 
of In II and Ge II. 


15. Zeeman effect and spectral terms in the arc spectrum of platinum. A. C. HAussMANn, 
Hobart College.—The Zeeman effect of 173 platinum arc lines has been investigated in the 
region 5500 to 2500A, a field of 33,000 gauss and high dispersion spectrographs being used. 
It was found possible to identify 33 of these lines from their patterns. The g-values are found 
to be usually abnormal and the patterns sometimes unsymmetrical. From the Zeeman patterns, 
intensities in combinations and Meggers’ absorption spectra, 12 low levels have been identified. 
These have been designated as follows: *D3, a'Do, *F 4, 4So, *Do, *Fs, °D1, *P2, *F2, *Pi, "Gs, b'Ds, 
3D;, d*s is the groundterm. The assignment agrees well with the predictions of the Hund theory 
and Meggers and Laporte. There are 72 levels altogether divided into 12 low, 45 intermediate 
and 15 high levels. An attempt was made to identify the intermediate levels from intensities 
in combinations but no multiplicity has been assigned. To combinations between these 72 
levels, there are attributed 376 lines. These account for practically all the strong lines in the arc 


spectrum. 


16. Unclassified lines of the indium arc spectrum. Joun G. FrAyNE, Antioch College.— 
While studying stages in the excitation of the arc spectrum of indium Frayne and Jarvis re- 
reported the occurrence of the following five unclassified lines at 6.9 volts: viz. 3051.19, 2957.01, 
2858.30, 2836.91, and 2775.35. The wave number difference of the first and third of these is 
2211.71, while the difference of the second and fifth is 2212.51 as previously reported by Uhler 
and Tanche. This number equals 2p.—2p, for indium. Hence we may write 3051.19 as 2p, —x, 
and 2858.30 as 22—x;. It has not been found possible to fit the second pair into any series 
scheme with the first pair. They may be written as follows: 2957.01 as 2p; —x2 and 2775.35 
as 2$.—x2. The values of x; and x2 are 11680 and 10645 resp. The four lines classified above 
appeared prominently on all plates. Hence the energy levels denoted by x; and x cannot be 
neglected in any picture of the indium atom. The line 2858.30 remains unclassified. 


17. Hyperfine structure of the mercury triplet 2°Po1,.—2°S,; when excited optically. 
E. Hospart Coi.ins, University of lowa.—Lummer-Gehrcke plates have been used to study the 
hyperfine structures of \A5461, 4358 and 4047 of the optically excited mercury spectrum. The 
hyperfine structures of these lines are found to depend upon the manner in which the upper 
level is reached. For example, only one of the hyperfine structure components of \5461 appears 
when that line is excited by absorption of \4358, while two additional components appear when 
the excitation is by both 4358 and 4047. The interpretation of the results in terms of hyperfine 
structure energy levels is discussed. 


18. Extension of the first positive group of nitrogen bands. A.H. PorTKER, Marquette Uni- 
versity.—An investigation of the infra-red portion of the first positive group of nitrogen bands 
by thermocouple and prism has extended that group to the region of 1.54. The broad radiation 
maxima corresponding to the higher sequences have been broken up into individual bands. 
Their observed maxima occur at the positions calculated from the known vibration levels of 
this group. For higher accuracy the region from 7500 to 10500A was photographed under a 
dispersion of 9A per mm with neocyanin plates. The bands were recorded as far as 10500, the 
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beginning of the 0 sequence. The new data obtained by this extension of the spectrum point 
very definitely to a modification of the assignment of vibration numbers as previously made 
by Birge. In this reassignment the origin of the entire group, or the 0 —0 transition, is at 1.04. 
All the band and sequence designations change accordingly. The evidence pointing to this as 
the more probable assignment is discussed. 


19. Extension of the violet CN band system to include the CN tail bands. F. A. JENKINs, 
New York University.—The CN spectrum produced by acetylene in active nitrogen has been 
photographed with a dispersion of 0.95A per mm and resolving power 220,000. Fine-structure 
analysis of the so-called tail bands confirms a suggestion of Mulliken that they constitute the 
higher members of the ordinary CN sequences in which the frequencies of the bands have 
passed through a maximum and decreased sufficiently for the bands to appear on the long-wave 
side of the more intense first members. The opposite direction of shading in the tail bands is to 
be expected according to the general rule that B’— B” has the same sign as w’—w”’. Except 
for large variations in the degree of rotational doubling, and several remarkable perturbations 
in the line series, the structure of the tail bands is identical with that of the ordinary CN bands. 
Extrapolation of the constant B( =h/x*J) permits the assignment of vibrational quantum num- 
bers in the three sequences of tail bands measured. Thus the first band on the low-frequency 
side of the (0, 0) band is the (10, 10) band. An accurate representation of the molecular con- 
stants in the states of higher vibrational quantum number is now possible. New bands belong- 
ing to the sequences An = —2 and +3 are recorded. 


20. Voltage-intensity relations in the mercury spectrum. WILLIAM D. Crozier, University 
of lowa.—Voltage-intensity curves were obtained for twenty mercury lines excited by electron 
impact, using accelerating voltages from excitation to fifty volts. It is found that no sig- 
nificant change takes place in the number of atoms in a given energy state as the ionization 
potential is passed. The components of each of the dD groups of energy levels are excited at 
practically the same voltage but have quite different excitation functions. The excitation 
functions for d;, d3, ands levels and for the 22 level are similar in form and have sharp maxima 
within a few volts of excitation. The excitation functions for d, and D levels are similar, in- 
creasing uniformly to 30 or 40 volts where they have broad maxima. The voltage-intensity 
curves of lines originating in transitions down from the same initial level agree in type but some- 
times show certain differences in shape. It appears that the probability of different transitions 
down from a given energy state may not be independent of the way in which this state was ex- 
cited. There is evidence that a large number of excitations of 2p. by transitions down from 
higher levels are not followed by 1S —2p, transitions. 


21. Effect of combined electric and magnetic fields on the helium spectrum. J. Stuart 
Foster, McGill University.—Parallel electric and magnetic fields are obtained by placing a 
slightly modified Lo Surdo tube through the poles of a large electromagnet. The experimental 
conditions are such that the observed effect is mainly a normal (Lo Surdo) Stark effect upon 
which is superimposed a relatively small Zeeman splitting due to a uniform magnetic field of 
moderate strength. While many lines show the combined effect, the Stark component of 
2P —5F which is characterized by m = +2 in initial state has been selected as most suitable for 
quantitative measurements (See central component Plate 7(I), Proc. Roy. Soc., 114, 47, 
(1927)). This component is split by the magnetic field into two components of equal intensity, 
and with a separation of 0.41A. 


22. The magnetic deflection of a luminous canal ray beam in hydrogen. CuHaAr.Es J. 
BRASEFIELD, National Research Fellow, University of Chicago.—-A study has been made of 
the effect of a transverse magnetic field on a luminous canal ray beam in hydrogen. Under 
favorable pressure conditions it is possible to deflect two separate beams from the main canal 
ray beam; one of these is due to the H,* ion while the other is due to H+. A measurement 
of the angle of deflection of the H* beam shows that the H* ion came thru the electric field 
as H,*, which then split into H* and H® before it reached the magnetic field. By varying the 
pressure of gas, the ratio of the intensity of the two beams can be varied over a great range. 
Observations made on the variation of this ratio with pressure lead to a value for the mean 
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free path of the H,* ion, for dissociation into H*, of 0.2 cm at a pressure of 0.01 mm, which is 
one seventh of the kinetic theory value for the mean free path of a neutral hydrogen molecule, 
Another result of this calculation indicates that the path of the H* ion for excitation of light 
is fifty times that of the H,* ion. 


23. Electric arc stream dimensions determined by a new photographic method. W. B. 
NOTTINGHAM, Bartol Research Foundation, Franklin Institute-—Arc stream dimensions of 
cadmium and tungsten arcs have been determined by means of a carefully controlled photo- 
graphic method. The results so far obtained indicate (1) that the average current density over 
any plane passed through the arc stream perpendicular to its axis is independent of the current. 
(2) The current density distribution in the neighborhood of the electrodes of the tungsten arc 
is independent of the arc length. (3) The current density at the cathode of the tungsten are 
corresponds quite closely to the electron current density from tungsten at a temperature very 
slightly above the melting point. The fusion of the surface of the cathode indicates that the 
actual temperature is at least as high as the melting point. The electron emission data were 
taken from an extrapolation of the observations of Dushman, Rowe, Ewald and Kidner (Phys. 
Rev. 25, 338, (1925)). (4) The current density at the cathode of the cadmium arc in argon 
has been found to be about 700 times the density one might reasonably expect to find as a 
result of the thermionic emission even at the temperature of boiling cadmium and assuming 
a work function of 1.5 volts. 


24. The intensities of molecular beams. THos. H. JoHNsON, Fellow of the Bartol Research 
Foundation, Franklin Institute—A new method for studying molecular beams has been 
developed in which the beam is detected and its intensity is measured by the increase in 
pressure which takes place in an ionization gauge when the gauge is moved to allow the beam 
to enter it through a narrow slit. The method has been applied to the measurement of the 
intensities of beams of mercury molecules. The beam was formed by the diffusion of mercury 
molecules from a boiler through two slits between which stray molecules were condensed by a 
liquid air cooled surface. The intensity (J) of the beam (defined as the number of molecules 
which cross a normal plane per cm? per sec.) was found to depend upon the boiler pressure 
according to the relation J = A pe~®? where A has the value which is calculated on the kinetic 
theory at very low pressures, i.e., on the assumption of molecular flow through the source 
slit and no scattering after passing the source slit, and B is a constant depending upon the 
efficiency of condensation between the slits. This leads to the result that more intense beams can 
be produced than were formerly thought possible. 


25. Low pressure electric discharge. C. pEL Rosario, Fellow of the Bartol Research 
Foundation, Franklin Institute.—Previous work using a fine filament and a concentric cylinder 
(Journal of the Franklin Institute, February, 1927) was extended to higher voltages but 
smaller fields than those used before by the employment of thicker filaments. Moreover, a 
new design of experimental tube made it possible among other things to more completely out- 
gas the filament. Four sizes of tungsten filaments ranging from 0.0013 to 0.0046 cm diameter 
were used. Keeping as nearly identical as possible the pressure (of the order of 10~* mm Hg.) 
of residual gases and the degree of outgassing of the filament and other metal parts, it has been 
shown that the voltage rather than the field determines the current, curves for different fila- 
ments being practically superposable when plotted with voltages, although widely separated 
when plotted with fields. In all cases the log current-voltage curve was nearly straight and was 
displaced parallel to the voltage axis towards higher voltages with a slight decrease in slope 
for more complete filament outgassing. The temperature of the filament affected this curve 
very slightly until appreciable thermionic current set in. The slope decreased with increase 
of thermionic current and at the same time the curve was displaced towards lower voltages. 


26. Ionization of water vapor. H. A. Barton, Bartol Research Foundation and J. H. 
BartLett, Harvard University.—An electro-magnetic method of separating gas ions of dif- 
ferent mass, such as that used by Dempster, has been employed in a study of the ions pro- 
duced by electron impact in water vapor. The principal ions appearing were (H,O)* and 
(OH)*. Of these the (H:O)* ions were more abundant. Unmistakable evidence was obtained 
that a third type of ion, probably.(H;O)*, was produced in very small quantities. H* and H,* 
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ions were always very few in number or unobservable. No (OH)~ or any other negative ions 
were observed. The ionization potential corresponding to (H:0O)* was 13+1.5 volts, being 
probably in agreement with the ordinarily measured ionization potential. The (OH)* ionization 
potential was not distinguishably different, but it was difficult to measure this quantity owing 
to some overlapping of the (H,O)* and (OH)* peaks. A study is being made of the variation 
in the relative abundance of the ions as a function of pressure. 


27. Diffraction of electrons by a single layer of atoms. C. DAvisson AND L. H. GERMER, 
Bell Telephone Laboratories, Inc.—A homogeneous beam of electrons is scattered by a crystal 
of nickel as if it were a beam of monochromatic radiation of wave-length h/mv. (Nature, 119, 
558, (1927). The phenomenon differs from x-ray scattering in that (1) the individual atom scat- 
ters the equivalent electron radiation more efficiently than it does x-radiation, and (2) the 
former radiation is extinguished in the metal much more rapidly than the latter; the intensity 
of a beam of electron radiation may be reduced 30 or 40% on passing normally through a 
single layer of atoms. A consequence is that an appreciably greater amount of scattered electron 
radiation issues from the first atom layer than from the second; more from the second than 
from the third, etc. These differences are accentuated for radiation leaving the crystal near 
grazing emergence, because in this region the path through the metal over which radiation 
from a subsurface layer escapes is greatly lengthened. The result is that near grazing first 
layer scattering is strongly predominant, and diffraction occurs as if waves were being scattered 
by a single layer of atoms only. Files of atoms serve as line gratings and ordinary line grating 
diffraction is observed. 


28. Reflection of positive rays by a platinum surface. GrorGe E. REAp, University of 
Buffalo. (Introduced by A. J. Dempster.)—In order to determine the variation of intensity 
with angle of positive rays scattered or reflected by metallic surfaces an arrangement similar 
to that of a spectrometer was set up in a good vacuum. It was found that slow lithium rays were 
reflected approximately regularly from a “clean” platinum surface. Consistent results were 
obtained only when the platinum reflector had been heated white hot not more than a few 
seconds before each reading. Readings with a hot surface gave the same results as with a “clean” 
cold surface. The intensity of the reflected beam varied from small values with 10 volts ac- 
celerating potential up to a maximum around 48 volts and back toward zero at 500 volts. 
A large portion of the incident rays were reflected at the maximum. Most of the rays that 
were reflected had lost more than 0.5 of their original energy. In general the same results hold 
for potassium rays. The angle at which the maximum reflection occurs becomes slightly greater 
as the velocity is decreased from high values. 


29. On the behavior of small quantities of radon at low temperatures and low pressures. 
Aois F. Kovarik, Yale University.—A small quantity of radon, 1 to 20 millicuries, was first 
condensed at temperature of liquid air in a vessel of about 0.5 cm* volume and this vessel and 
others used in the experiments were exhausted to about 5 X10-* mm Hg. The bath surrounding 
the radon was brought to the temperature required and kept constant. During this existing 
condition the vessel was connected with another of much larger volume and kept so until 
equilibrium was apparently established. The two vessels were then disconnected and the gase- 
ous radon in the second vessel was collected by means of cocoanut charcoal at liquid air 
temperature and measured. Pressure of the gaseous radon in the vessel at the studied tempera- 
ture was determined by calculation. Results show a definite equilibrium between the gaseous 
radon and the radon condensed and indicate that the condensation is partly monatomic on 
the cooled surface of the vessel and partly frozen droplets of radon. This argument is supported 
by various observations and deductions. Vapor pressure-temperature relation was obtained. 
Volatilization temperatures were also determined. 


30. Critical potentials of metals. H. B. Wantin, University of Wisconsin.—Critical 
potentials of metals in the solid state have been investigated by a number of observers, but 
investigations in the vapor state are meager and uncertain. The following method has been 
used successfully: A narrow beam of electrons is accelerated by a variable potential to a 
gauze made of the metal under investigation, and then accelerated to a small receiving plate 
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by a potential which is kept constant. The gauze is heated and serves as a source of vapor, 
Electrons that are scattered by the vapor will not reach the receiver, but those that make 
inelastic collisions will be pulled over by the constant field. The critical potentials will then be 
indicated by an increase in the slope of the current-voltage curve. The following values have 
been found: 

I. Cu, 1.61, 2.6, 3.8, 4.84, 5.65, 6.08, 6.73, 7.7, 8.26, 8.73, 9.4, 10.07, 10.91. With the 
exception of the 2.6, these have all been identified as optical levels. 

II. Ag, 2.18, 2.89, 3.61, 4.28, 5.25, 5.94, 6.79, 7.54. The.values 2.18, 2.89, 4.28, are non- 
optical. 

III. Ni, 3.55, 5.00, 6.05, 6.85, 7.47, 8.0, 8.68, 9.45, 11.6, 14.66, 16.6. Those below 8 volts 
are probably all optical. The work is being extended. i 


31. Variations of atmospheric pressure as a possible contributing cause of static, of earth 
currents and their variations, and of variations on the earth’s magnetic field. RicHarp Hamer, 
Pittsburgh, Pa.—A vertical glass tube filled with moist earth formed part of a‘closed circuit 
including a sensitive galvanometer. Sudden changes of air pressure caused variations to 
occur in the current which flowed due to electrolytic action in the soil acids at the electrodes, 
To eliminate effects due to pressure changes causing variations of soil resistance, the electrodes 
were insulated by glass dishes, one end earthed and the tube shielded. The insulated top 
electrode was connected to a quadrant electrometer. Similar pressure changes caused the 
electrometer to indicate the presence of a temporary charge at the electrodes. Apparently a 
temporary disturbance takes place in the distribution of the electrons or ions in the earth when 
sudden changes of air pressure occur. It is suggested that earth current measurements may 
be influenced by these two effects. The experiments also seem to afford obvious explanations 
of the many various known facts peculiar to propagation of radio waves especially in the case 
of reception. Possibly barometric changes cause variations in earth currents directly, and also 
indirectly by varying surface soil resistance. If these are large enough to produce observable 
magnetic effects, they may explain why magnetic variations seem to parallel those of earth 
currents. 


32. The temperature coefficient of oscillating quartz plates. RoGrER S. Strout, University 
of Chicago. (Introduced by A. J. Dempster.)—The change of frequency with temperature of a 
quartz crystal plate 1.81.8X0.11 cms, vibrating in a direction normal to its faces with a 
frequency of 2700 kc, was determined at various temperatures. A second oscillating plate was 
used as a fixed frequency, while the heterodyne note was heard with a receiving set. This 
second plate was maintained at, or near room temperature, and was reground to an appropriate 
frequency for each determination. The change of frequency with temperature was found to 
decrease linearly from 61.3 cycles per degree at 65°C to 4.3 cycles per degree at — 189°C. 


33. Dielectric constants of benzene, carbon disulphide, and carbon tetrachloride, and of 
dilute solutions of alcohols in these solvents. J. D. STRANATHAN, University of Chicago.— 
Using a high frequency beat method, the dielectric constants of benzene, carbon disulphide, 
and carbon tetrachloride have been determined at temperatures ranging from freezing to 
boiling. Dielectric constants of dilute solutions of methyl alcohol in benzene, methy! alcohol 
in carbon tetrachloride, and amyl alcohol in benzene have been determined at temperatures 
ranging from freezing to boiling. With hope of obtaining the electric moment of the alcohol 
in an unassociated state, curves of molecular polarization versus concentration (one curve for 
each ten degree temperature interval) were projected to the zero concentration axis. For 
methyl alcohol in benzene, these intercepts are consistent with the Debye theory, and lead to 
an electric moment 1.661078 e.s.u. for methy alcohol. The intercepts for methyl alcohol 
in carbon tetrachloride are inconsistent with the Debye theory, possibly due to persistent 
association; assuming that association is absent at temperatures near boiling, the moment of 
the alcohol molecule is calculated to be 1.65 X 10~'8. Amyl alcohol in benzene leads to intercepts 
in accord with the Debye theory, and to an electric moment of 1.65 X 1078. Further work is 
in progress. 
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34. On the size-distribution of particles in reversible colloids. N. RASHEvsKy, Westing- 
house Research Laboratory, East Pittsburgh and Mrs. E. N. RasHevsky, Edgewood, Pa.— 
A sufficiently dilute polydisperse colloidal solution is considered as a mixture of an infinite 
number of monodysperse systems, and Planck’s theory of dilute solutions is then applied to 
such a mixture. This gives the thermodynamic characteristic function of the colloid, which 
involves the distribution function for the size of particles. The requirement of the extre- 
mum of the characteristic function leads then to an expression for the distribution function. 
The distribution function thus obtained is in so far not quite determined, as it contains 
another function, which depends on the energy of the interaction of a colloidal particle with 
the solvent. Some general properties of this latter function are discussed, and it is shown, 
under what conditions the distribution function has a maximum for a finite radius of particles. 


35. Dielectric constants of electrolytic solutions for various concentrations. A. P. CARMAN 
and C. C. Scumipt, University of Illinois—The electrometer method (Carman, Phys. Rev. 
24, 396 (1924)) has been developed to measure dielectric constants of electrolytic solutions 
of considerable concentration. For NaCl solutions, the d.c. has been measured for equivalent 
concentrations up to 0.02; for solutions of KCI, BaCl, and CuSQ,, concentrations up to 0.01, 
0.022 and 0.026 respectively. These results are given in curves showing concentrations and 
corresponding dielectric constants. The d.c.-concentration curve for NaCl solutions, shows 
a decrease of d.c. up to a concentration of about 0.012, and then an abrupt increase of the d.c., 
and for concentrations above about 0.016, the d.c. is greater than that for water. The d.c.- 
concentration curve for KCI solutions is similar to that of NaCl solutions. The d.c.-con- 
centrations for solutions of BaCl, and of CuSO, are peculiar in showing two minima, the d.c. 
of the more concentrated solutions in each case reaching values higher than that for water. 
The general explanation seems to be that suggested by Walden (Zeit. f. Phys. Chem. 116, 228) 
who predicted part of the above results. Walden’s explanation is, however, very general and did 
not predict curves with double minima. 


36. Efficiencies in luminescence accompanying electrolysis. R. T. Durrorp, University 
of Missouri.—The luminescence which occurs at the electrodes of an electrolytic cell under 
certain conditions, has been studied. The effect is found for a large number of solutions, and 
for several metals as electrodes, the most interesting cases being (a) aluminum electrodes in 
sodium phosphate or carbonate solutions, and (b) almost any metal in anhydrous ether solu- 
tions of Grignard reagents. Brightnesses measured range from 6 X 10~* to above 107% lamberts; 
the brightness generally increases with the applied voltage. The energy radiated as visible 
light ranges from 10~§ to over 10~* percent of the electrical input energy. The efficiency at 
first increases, then decreases, as the voltage is increased. It is not much affected by changes 
in concentration, and is similar in value for chemically similar solutions. Certain impurities 
in small amounts increase the efficiency over ten-fold. (This work was done at the Nela Re- 
search Laboratories, National Electric Lamp Works of General Electric Co.) 


37. Absorption of ultrasonic waves by some gases. T. P. ABELLO, University of Chicago.— 
Previous measurements of the absorption by CO, and hydrogen by the writer using a torsion 
vane to measure the intensity has shown a nearly logarithmic decrease of the intensity with the 
increase in the percentage of the gas. A new method of measuring the intensity has been used, 
namely, allowing the beam to fall upon another quartz crystal which has a natural frequency 
very nearly equal to that of the source of the waves, and which is connected to the grid of a 
thermionic tube. The received signal is then heterodyned, amplified and measured by a 
vacuum tube voltmeter. The reading of the latter is expressed in terms of the intensity of the 
beam striking the receiving crystal by placing in the path of the beam celluloid films of known 
transmitting power. The previous dependence on concentration was confirmed. The intensity 
is reduced to only 10 percent of the intensity observed with pure air, in going 3 cms in a mixture 
of 80 percent air with 20 percent carbon dioxide. The corresponding reduction is 34 percent 
with hydrogen and 47 with helium. 


38. The velocity of sound in liquids. Louis G. PooLer, Columbia University, New York 
City—An experimental method has been developed by which the velocity of sound in liquids 
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can be determined with a high degree of percision. A column of liquid contained in a cylindrica] 
vertical steel tube is brought into resonance vibration at audio frequency by an electromagnetic. 
ally excited diaphragm at the bottom. When the resonance frequency of the vibrating liquid 
is the same as that of the diaphragm the reaction of the latter on the system is very small, 
Gronwall (Phys. Rev. 30, 71, (1927)) has shown that due to the elasticity of the walls of the 
tube the true velocity of sound Co, in the liquid is given by the expression Co=C/(1—.), 
where C=2L», v being the resonance frequency of the diaphragm alone, L the height of the 
column of liquid and ¢ a function of the inner and outer radii of the tube, the elastic constants 
of the material of the tube and the density of the liquid. The theory was verified experimentally 
using tubes and diaphragms of different thicknesses. The velocity of sound in air-free distilled 
water at 25°C was found to be 1493.2+2.3 m/s. The rate of change of velocity with tempera- 
ture is 2.2 m/s per degree in the interval 25-30°C and decreases to 0.4 m/s per degree from 
60-70°C. The adiabatic compressibility 1/« of the liquid has been calculated from the ex. 
pression x =pC,? where p is the density of the liquid. 


39. Compressibilities of liquids by the sonic interferometer. J. C. HUBBARD, Johns 
Hopkins University and A. L. Loomis, The Alfred Loomis Laboratory, Tuxedo Park, N. Y.— 
Preliminary results on the velocity of sound in liquids obtained by a resonance method at fre- 
quencies of 200 to 500 kilocycles have been published by the authors (Nature, Aug. 6, 1927). 
The precision of these measurements has been increased and several new methods of detection 
of the nodal points have been developed. For routine work the main oscillator is heterodyned 
with a quartz oscillator, the heterodyne note being kept in tune with an electrically driven fork 
by varying the tuning of a small vernier condenser. The vernier condenser readings pass 
through cyclic changes with very sharp maxima as the piston of the interferometer is displaced. 
Acoustic wave-lengths in the liquid are measured to one part in ten thousand, but the absolute 
values of velocity of sound are one order less precise, being limited by the precision of calibration 
of the wave meter. A study over a wide range of temperatures of the velocity of soundin water, 
in mercury, and in a number of salt solutions has been made. The adiabatic compressibilities 
of these substances have been calculated as well as the ratio of specific heats for the substances 
tor which cp is known. 


40. The absorption of sound by materials. F. R. Watson, University of Illinois——An 
experimental investigation was made by Sabine’s reverberation method of a number of 
materials. Several modifications were introduced. The source of sound was a telephone re- 
ceiver, actuated by an audible frequency audion oscillator that allowed a flexible variation 
of frequency with a wide range of intensity. Purity of tone was sought by adjusting the 
oscillator and by attaching a Helmholtz resonator over the telephone receiver. The intensity 
of the sound produced was measured with a Rayleigh disc. The interference sound pattern 
in the room was shifted continuously by installing the telephone source of sound at the top 
of an oscillating pendulum, mounted by ball bearings at the center. Measurement of open 
window absorption gave agreement with the theoretical value (unity) within a few percent. 
Results were obtained for a number of materials for pitches 256, 512, 1024 and 2048. (A com- 
plete account of the investigation will appear soon as Bulletin No. 172 of the University of 
Illinois Engineering Experiment Station.) 


41. The effect of x-rays upon the Faraday time lags, the Faraday effect and the optical 
rotation in several liquids. FRED ALLIson, Alabama Polytechnic Institute.—Differences in 
the time lags of the Faraday effect behind the magnetic field in various liquids have been 
measured by Beams and Allison (Phys. Rev. 29, 161 and 30, 66 (1927)). Certain considerations 
led the writer to suspect that these time lags might be affected by the action of x-rays upon 
the liquids. It is found from a number of experimental tests that x-rays do have such a property. 
In every case the time lag differences vanished so long as the liquids were exposed to the x-rays, 
and reappeared with screening off the x-rays. The method affords a means of measuring the ab- 
solute time lag of the Faraday effect. It was then decided to ascertain whether these rays could 
influence the rotation of the plane of polarization of light in these liquids. A series of tests 
shows that a beam of x-rays traversing the liquids induces in them the power of rotating the 
plane of polarization, though it is small. Observations were also made to detect an influence 
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of x-rays upon the Faraday effect, with the result that the x-rays slightly increase the rotation. 
The liquids used are carbon bisulphide, carbon tetrachloride, toluene, benzene, xylene, chloro- 
form and water. 


42. The scattering of x-rays from H:, O., and CO.. CuHaries S. BARRETT, University of 
Chicago.—Radiation from a water cooled molybdenum tube (55,000 peak volts, 60 ma.) was 
passed through balanced filters (suggested by Ross) of strontium and zirconium, giving a 
monochromatic beam containing 40% of the original Kae intensity, none of the K@ line, and 
less than 5% of any other wave-length. This beam was scattered from gases contained in a 
cvlinder having thin celluloid windows, in which the gas pressure was varied from 0.5 to 
335 cm. A large ionization chamber received the scattered rays at different angles (@=19° 
to 90°) from the primary beam. The curve of intensity vs. @ has approximately the same 
shape for CO, and O, but a different shape for Hz. On the same scale at @=90°, the Hz curve 
falls below the average of the CO, and O, curves as @ decreases; at 40° being about 75% of the 
average of the others, and at 19° about 30%, Using monochromatic radiation (.71A) the H2 
curve does not differ from the Hz curve using heterogeneous radiation (reduced to the same 
scale) by more than a probable error of 5%. The irregularities in the curve which are pre- 
dicted by the classical theory calculations of Debye, Compton, and others, due to interference 
of rays from pairs of electrons assumed at constant distances apart, are not observed on the Hy 
curve though the slit system was capable of resolving them. 


43. An attempt to find a unidirectional effect of x-ray photons. A. H. Compton, K. N. 
Martuur and H. R. Sarna, Punjab University, Lahore, India.—The directive emission of 
photo-electrons by polarized x-rays suggests that each photon may act in a preferred direction 
on an electron, and that this direction remains fixed as the photon moves through space. 
It seemed possible that x-ray pulses excited by the impact of cathode particles on a target 
might emit more photons with their electric axes antiparallel to the cathode stream than 
parallel to it, corresponding to Stoke’s unidirectional pulse. We might then expect more 
photo-electrons to be ejected parallel to the cathode rays than antiparallel. This was tested 
by passing a narrow sheet of x-rays from the tungsten target of a Coolidge x-ray tube midway 
between two wire gauzes separating an ionization chamber into two portions. One portion 
received the photo-electrons ejected parallel and the other those antiparallel to the cathode 
ray beam. At the December 1926 meeting of the Indian Science Congress, preliminary results 
were reported which indicated a slight excess of photo-electrons in the parallel direction. Later, 
more refined experiments, however, failed to show any inequality between the parallel and the 
antiparallel emission as great as 1 part in 500. Potentials from 50 to 110 kv were employed, with 
and without filters for the x-rays. 


44. The structure and dimensions of the benzene ring. JARED KIRTLAND Morse, University 
of Chicago.—In a previous paper (Proc. Nat. Acad. Sci. 13, 227 (1927)) it was shown that the 
crystal lattices of diamond and graphite could be built up of cubes having one corner in com- 
mon. The radii of these cubes were 0.77A and 0.75A respectively. In this paper a scale model 
of the benzene ring is presented, built up of cubes, of radius 0.76A having single corners in 
common. The carbon atoms form an octahedral arrangement while the atoms of the substituted 
groups attached to the Carbon atoms of the ring are on the corners of a plane hexagon. Isom- 
erism, unsaturation and non-occurrence of optically active derivatives are all accounted for by 
this model. In addition to its theoretical interest, this model, offers a definite quantitative 


basis on which to interpret the x-ray data obtained from organic crystals of the aromatic 
compounds. 


45. The diffraction of x-rays in liquid normal monobasic fatty acids. RoGER M. Morrow 
State University of Iowa.—Eleven of the normal monobasic fatty acids in the liquid state 
have been investigated with MoKa radiation. The results are similar to those previously 
reported for the liquid primary alcohols by Stewart and Morrow. There are two spacings found 
by the application of Braggs’ law, one of which is the lateral separation of the molecules which 
lie in parallel collinear chains, and the other the separation of the planes passing transversely 
through the chains and containing the diffraction centers of the molecules. The lateral spacing 
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is 4.55A for the samples having more than five carbon atoms to the molecule. This is in agree- 
ment with the values found by Stewart and Morrow for the primary n-alcohols and with the 
work of Adam on monomolecular films. The longitudinal spacing varies linearly with the 
carbon content, the increase being 2.00A for two molecules. In the molecular arrangement, the 
chains are not normal to the transverse planes and there are two molecules in series, with 
associated COOH groups, for each spacing. A comparison of data for the acids in the liquid 
and crystalline states shows that the arrangement of molecules in the cybotactic state is not 
that found in the crystalline state. 


46. X-ray diffraction in liquids: isomers of primary alcohols. G. W. STEWART, University 
of Iowa, and E. W. SKINNER, Olivet College.—This is a continuation of the work of Stewart 
and Morrow on the primary normal alcohols. Nine isomers were investigated, one of n-butyl, 
five of n-amyl, one of x-hexyl, and two of n-heptyl alcohol. The attachment of CH; as a side 
branch alters the “diameter” by 0.6A, and of OH, by 0.4A. The attachment of CH; and OH 
to the same atom in the chain increases the diameter by only 0.65A. The measured “diameter” 
of the molecule is a mean value, but in the case of di-n-propyl carbinol there is a better resolu- 
tion and the side attachment of OH increases the diameter in one direction by 0.45A and in 
the other not at all. The existence is shown of associated polar groups giving two molecules 
in a continuous chain for each longitudinal spacing. When the OH group is not attached to 
the last or next to the last atom in the chain, this association disappears and there is but one 
molecule for each longitudinal spacing. This is in agreement with the experiments of others 
on similar chains in the solid state. In one case, triethyl carbinol, the first, third and fifth 
orders of the side spacing are apparently present. 


47. Crystal structure of certain of the alums. J. M. Cork, University of Michigan.— 
The many isomorphous members of the alum group differing from one another by the replace- 
ment of a single atom provide an interesting series for x-ray examination. Rotation photographs 
were employed to determine the space group. Intensity measurements by a Bragg ionization 
spectrometer for all available orders for each of the principal plane sets, allowed the determi- 
nation of the lattice constants and possible arrangements for the various atoms in the complete 
structure. The electron distribution along a line perpendicular to the principal plane sets and 
hence atomic positions is determined by the method of Fourier analysis and confirmed by struc- 
ture factor calculations. The following lattice constants were observed: NH, ~- Al(SO,)2- 12 
H,0, 12.18A; K + Al(SO,)2 12H2O, 12 - 14A; KCr(SO,)2 - 12H,O, 12.14A; RbAI(SO,)2 + 12H,0, 
12.20A; CsAl(SO,4)2 12H,O, 12.31A and TI Al(SO,)2 - 12H,O, 12.21A. 


48. Preferred orientation in tungsten crystals caused by mechanical working. H. B. 
DeVore and WHEELER P. Davey, The Pennsylvania State College.—A sheet of rolled tung- 
sten, 2 mils thick was heated nearly to its melting point, thus causing those crystals which had 
a preferred orientation to grow at the expense of the fragments of the other crystals. Diffraction 
patterns of the foil taken with a pin hole slit were interpreted by mounting a model of a tungsten 
crystal in front of a copy of the diffraction pattern. A string represented the incident beam. The 
string and a normal to a givenatomic plane determined the planeof the beam diffracted by that 
plane, and if the model were correctly oriented the spot in the experimental diffraction pattern 
had to lie in that plane as though it were the reflection of a beam of light passing along the 
string. The direction of rolling of the foil was in the general direction of the face-diagonal of 
the crystal and the cube face made an average angle of 13° to the direction of rolling, with 
a deviation of +3° from the mean orientation. It is believed that this angle between the cube 
face and the surface of the foil depends upon the diameter of the rolls and upon the percent 
reduction per pass. Results with drawn tungsten wires were consistent with the above. 


49. II. Gravitation and electricity as manifestations of a six-dimensional world. CHESTER 
Snow, Bureau of Standards.—This theory indicates space-time is part of a six-dimensional, 
cylindrical world, Rs, whose line element may be put into the form (dA)?=~y,,) dx* dx” (u,¥ 
summed 1 to 6)=Zmnn dx™ dx" + (dmdx™+dx*)? — (Ym dx™-+dx*)? (m, n summed 1 to 4), where 
Yu» do not involve x and x* and where ¢,, and ¥» are proportional to the electromagnetic and 
gravitational 4-potentials respectively. In any space the tensor G*”—}y"" G must have im- 
portant geometrical significance. If all those components vanish in which space-time suffixes 
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enter, the three equations of electromagnetic, gravitational, and metric fields, which I have 
adopted, are satisfied and conversely. The real electrical direction, 2°, is time-like. The 
indeterminateness of charge corresponds to a sort of Lorentz transformation. The unity of 
gravitation and electricity lies in the fact that charge is a complex vector whose magnitude is 
intrinsic but whose mode of resolution into space-like and time-like components is non- 
essential. The equations of motion of a charged particle, which I have also adopted, in both 
electromagnetic and gravitational fields mean that it is following a geodetic line in the six- 
dimensional world. 


50. A simple derivation of the energies of circular hydrogenic orbits in wave mechanics. 
Artuur E. Ruark, Mellon Institute of Industrial Research, University of Pittsburgh, and Gulf 
Production Companies.—Let p, r, E be angular momentum, radius, and energy of a circular 
hydrogenic orbit, respectively. The virial theorem shows that p?= —2mr°E and —Ze®/2r=E. 
Eliminating r, p?= —Z? me*/2E. We form the wave equation by replacing p by h/2x id/d¢, 
and applying to y the operator thus obtained, y being the wave function. The wave equation 
is d*y/d¢?+K*y =0, with K?= —2x? metZ?/h*E. Therefore y =e*** and to make this have the 
same period as the electronic motion, we must have E,= —2x? met Z*/h*k*, where k is integral. 
The formula for y is incomplete, but the energy values are correct. The corresponding relati- 
vistic formula and the azimuthal selection principle are also easily obtained. 


51. Note on the theory of the longitudinal Hall effect. J. A. ELpr1pGe, University of Iowa. 
—Attention is called to a consideration of simple electrodynamical nature which is usually 
overlooked in the theory. If one considers the warping of the electric field due to the Hall 
effect and the consequent increase of the field and considers as well the increase of current 
obtained by vector addition of the Hall current to that due to this field, the kinetic theory gives 
a decrease in resistance in disagreement with experiment. 


52. The drop of potential at the cathode in flames. Paut E. Boucuer, Colorado College.— 


J. J. Thomson’s theory for the drop of potential at plane electrodes has been modified by 
allowing for recombination in the layer and a similar theory for cylinders worked out. The 
experimental results for platinum electrodes immersed in pure and NaCl flames agree well 
with the theory. The drop of potential at the cathode occurs in a sheath of uniform thickness 
which completely surrounds the electrode. By plotting the gas potential against distance from 
the cathode the sheath thickness can be estimated. Over 95 % of the potential drop occurs in 
the sheath about a clean platinum cathode. By measuring the cathode drop vm, the current 
density 7, the sheath thickness x2 or r2, the cathode radius ro, and substituting in the equations, 
k, =32 rix.®/75v.? for plane electrodes, and 
br =2i(re? log [(ra+ (12 —ret)"2) /rd] (ra? —ret)"® — (1/3) (12 —re))2/3 V(r =r), 

for cylinders, k;, the mobility of the positive ion, averages 12.4 and 8.1 cms per sec. for one 
volt per cm for pure and NaCl flames. It is found that the current density at the surface of the 
cylindrical sheath is constant for any given flame conditions and cathode radius. This current 
density varies from 1 to 2.5 and from 5 to 11 microamperes respectively for pure and NaCl 
flames. 
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